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WAVES GENERATED BY RIVER TRAFFIC AND W I N D  
ON THE ILLINOIS AND MISSISIPPI RIVERS 
BY 
Nani G. Bhowmik, Misganaw Demissie and Chwen-Yuan Guo 
INTRODUCTION 
An e x c e s s i v e  amount of bank e r o s i o n  a long  a  number of waterways i n  
I l l i n o i s  and sur rounding  s t a t e s  e x i s t s  a t  t h e  p r e s e n t  t ime.  Along some 
r e a c h e s  of t h e  I l l i n o i s  R i v e r ,  i t  i s  e s t i m a t e d  t h a t  75 pe rcen t  of t h e  
banks a r e  be ing  eroded away by waves g e n e r a t e d  by r i v e r  t r a f f i c  and wind 
(~howmik  and S c h i c h t ,  1980) .  S i m i l a r  t y p e s  of bank e r o s i o n  problems a l s o  
e x i s t  a l o n g  t h e  M i s s i s s i p p i  and Ohio R i v e r s .  Eros ion  of s t ream banks 
a t t r a c t s  p u b l i c  a t t e n t i o n ,  r educes  p r o p e r t y  v a l u e s ,  r e s u l t s  i n  t h e  
permanent l o s s  of r e a l  e s t a t e ,  i n c r e a s e s  t h e  t u r b i d i t y  of s t reams ,  and 
a c c e l e r a t e s  t h e  s i l t i n g  of r e s e r v o i r s  o r  backwater l a k e s  a long  t h e  s t r e a m  
course .  
Among t h e  main causes  of bank e r o s i o n  a long  nav igab le  r i v e r s  a r e  
waves g e n e r a t e d  by r i v e r  t r a f f i c  and wind. I n  o r d e r  t o  p reven t  t h e  
e r o s i o n  of s t ream banks by waves, an unders tand ing  of t h e  c h a r a c t e r i s t i c s  
and energy  c o n t e n t  of t h e  waves g e n e r a t e d  by r i v e r  t r a f f i c  and wind i s  
n e c e s s a r y .  The c h a r a c t e r i s t i c s  of t h e  waves can be used t o  e v a l u a t e  t h e  
r e l a t i v e  magnitude of t h e  e f f e c t s  on t h e  s h o r e l i n e  of waves genera ted  by 
r i v e r  t r a f f i c  and waves genera ted  by wind. 
O b j e c t i v e  
The o b j e c t i v e  of t h i s  p r o j e c t  was t o  c o l l e c t  a  s e t  of d a t a  on waves 
g e n e r a t e d  by r i v e r  t r a f f i c  and winds on t h e  I l l i n o i s  and M i s s i s s i p p i  R iver  
( r e p r e s e n t a t i v e  waterways of t h e  U.S.)  i n  a  s y s t e m a t i c  manner t o  answer 
q u e s t i o n s  such a s :  What a r e  t h e  c h a r a c t e r i s t i c s  of waves g e n e r a t e d  by 
tows,  b a r g e s ,  o r  b o a t s  i n  an i n l a n d  waterway? What a r e  t h e  s i m i l a r i t i e s  
and d i s s i m i l a r i t i e s  between t h e s e  waves and t h o s e  produced by n a t u r a l  
e f f e c t s ,  such a s  wind? How does  t h e  i n t e n s i t y  of t h e  waves change wi th  
i n c r e a s i n g  r i v e r  t r a f f i c ?  
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LITERATURE REVIEW 
Vessel-Generated Waves 
Most of t h e  e a r l y  and contemporary r e s e a r c h  concern ing  v e s s e l  motion 
i n  wa te r  h a s  c o n c e n t r a t e d  on t h e  r e d u c t i o n  of r e s i s t a n c e  f o r c e s  g e n e r a t e d  
by a  v e s s e l  t o  improve t h e  speed and m a n e u v e r a b i l i t y  of t h e  v e s s e l .  A s  a  
v e s s e l  moves through w a t e r ,  i t  e x p e r i e n c e s  r e s i s t a n c e  t o  i t s  mot ion.  T h i s  
r e s i s t a n c e  is  composed of t h r e e  types  of f o r c e s  g e n e r a t e d  a s  a  r e a c t i o n  t o  
i t s  mot ion and because  of  the  d i s t u r b a n c e  c r e a t e d  by the  v e s s e l .  The 
f i r s t  form of  r e s i s t a n c e  is  t h e  f r i c t i o n a l  d r a g  a c t i n g  t angen t  t o  t h e  
we t t ed  s u r f a c e  of t h e  v e s s e l ,  which is  g e n e r a t e d  by v i s c o u s  r e s i s t a n c e  of  
t h e  w a t e r .  The second form of r e s i s t a n c e  is  t h e  eddy d r a g  genera ted  by 
t h e  t u r b u l e n t  wake c r e a t e d  by t h e  v e s s e l .  The t h i r d  form of r e s i s t a n c e  i s  
t h e  wave d r a g  r e s u l t i n g  from t h e  waves genera ted  by t h e  v e s s e l ' s  mot ion.  
The l i t e r a t u r e  d e a l i n g  wi th  t h e  c h a r a c t e r i z a t i o n ,  q u a n t i f i c a t i o n ,  and 
r e d u c t i o n  of t h e  d i f f e r e n t  types  of f o r c e s  g e n e r a t e d  by t h e  motion of a  
v e s s e l  mot ion i s  enormous (Comstock, 1967; S o r e n s e n ,  1973) .  S ince  t h e  
p r imary  i n t e r e s t  of t h i s  r e s e a r c h  is  i n  t h e  e f f e c t s  on s t r e a m  banks of 
waves g e n e r a t e d  by r i v e r  t r a f f i c ,  l i t e r a t u r e  w i l l  be reviewed on ly  a s  i t  
r e l a t e s  t o  t h i s  t o p i c .  
A s  a  v e s s e l  moves on o r  n e a r  t h e  f r e e  s u r f a c e  of a  wa te r  body, i t  
g e n e r a t e s  a  d i s t u r b a n c e  i n  t h e  f low f i e l d .  The f low around t h e  h u l l  of 
t h e  v e s s e l  is  a c c e l e r a t k d  due t o  changes bo th  i n  magnitude and d i r e c t i o n .  
The f low i n  f r o n t  of t h e  bow is  d e c e l e r a t e d  u n t i l  i t  r e a c h e s  t h e  s t agna-  
t i o n  p o i n t  (where t h e  v e l o c i t y  is z e r o )  a t  t h e  bow because  of  t h e  b lockage 
of  t h e  f low a r e a  by t h e  v e s s e l .  These a c c e l e r a t i o n s  and d e c e l e r a t i o n s  
r e s u l t  i n  co r respond ing  changes i n  p r e s s u r e  and t h u s  wa te r  l e v e l  
e l e v a t i o n .  I n  a r e a s  where t h e  f low is  a c c e l e r a t e d ,  t h e  p r e s s u r e  and t h u s  
t h e  wate r  l e v e l  e l e v a t i o n  drops ,  and v i c e  ve r s a .  Waves a r e  genera ted  a t  
t h e  bow, s t e r n ,  and any p o i n t s  where t h e r e  a r e  ab rup t  changes i n  t h e  
v e s s e l ' s  h u l l  geometry t h a t  cause d i s t u r b a n c e s  i n  t h e  flow f i e l d .  A s  the  
v e s s e l  moves forward with  r e spec t  t o  t h e  wate r ,  t h e  energy t r a n s f e r r e d  t o  
t h e  water  from t h e  v e s s e l  gene ra t i ng  t he  d i s t u rbance  is c a r r i e d  away 
l a t e r a l l y  by a  system of waves s i m i l a r  t o  t h a t  shown i n  f i g u r e  1 
(Sorensen,  1973; Comstock, 1967).  F igu re  1 r e p r e s e n t s  deep water  
c o n d i t i o n s  where t h e  depth ha s  no e f f e c t  on t h e  f low f i e l d .  
I n  gene ra l  t h e  system of waves w i l l  c o n s i s t  of two s e t s  of d ive rg ing  
waves and one s e t  of t r a n s v e r s e  waves. The d i v e r g i n g  waves move forward 
and out  from t h e  v e s s e l ,  while t h e  t r a n s v e r s e  waves move i n  t h e  d i r e c t i o n  
of t h e  v e s s e l .  The t r a n s v e r s e  waves meet t he  d i v e r g i n g  waves on bo th  
s i d e s  of t he  v e s s e l  a long  two s e t s  of l i n e s  c a l l e d  t h e  cusp l i n e s ,  which 
form a  19'21' ang l e  wi th  t h e  s a i l i n g  l i n e  f o r  a  po in t  d i s t u r b a n c e  moving 
a t  a  cons t an t  v e l o c i t y  i n  an i n i t i a l l y  s t i l l ,  deep,  and f r i c t i o n l e s s  f l u i d  
( ~ o r e n s e n ,  1973) .  The theory  t o  d e s c r i b e  t h e  above wave p a t t e r n  was f i r s t  
developed by Lord Kelvin  (1887) .  Sorensen has  shown t h a t  t h e  gene ra l  wave 
p a t t e r n  genera ted  by a  model h u l l  i n  deep water  ag r ee s  we l l  wi th  t he  wave 
p a t t e r n  de sc r i bed  by Lord Kelvin  except  f o r  a  smal l  change i n  t h e  cusp 
ang le .  
A d e s c r i p t i v e  ske tch  of a  wave system i s  shown i n  f i g u r e  2. C i s  t he  
wave c e l e r i t y  ( t h e  speed t h e  wave propaga tes  fo rward) ,  H i s  t h e  wave 
h e i g h t ,  L  i s  t h e  wave leng th  ( d i s t a n c e  between ad j acen t  wave c r e s t s  o r  
t r o u g h s ) ,  and d  is  t h e  water dep th .  The wave p e r i o d ,  T, which is t h e  t ime 
e l apsed  between two ad j acen t  waves c r e s t s  o r  t roughs  p a s t  a  p o i n t ,  is  
g iven  by T=L/C. The r a t i o  d/L de te rmines  whether t h e  wave system i s  i n  
deep o r  sha l low water .  For deep water  waves, d / ~  > 0.5.  I n  deep wate rs  
- 
laqeM daap ul d;tqs Iapoill e Xq paJsJaua8 u~aqqed aneM -1 aln81~ 
t h e  wave c e l e r i t y  and wave l e n g t h  depend on ly  on wave p e r i o d ,  whi le  i n  
s h a l l o w  water  ( d / ~  < 0 .5)  t h e  wave c e l e r i t y  and wave l e n g t h  depend on 
dep th  a s  we l l  a s  wave per iod  ( ~ p p e n ,  1966; Sorensen ,  1973).  
S ince  waves a r e  genera ted  bo th  a t  t h e  bow and s t e r n  of a  v e s s e l ,  they  
i n t e r a c t  wi th  each o t h e r  a t  some d i s t a n c e  from t h e  v e s s e l .  I f  t h e  waves 
g e n e r a t e d  a t  t h e  bow and s t e r n  a r e  i n  phase,  i . e .  , i f  the  c r e s t  and t rough  
of one s e t  c o i n c i d e  wi th  t h e  o t h e r ,  they  t end  t o  r e i n f o r c e  each o t h e r ,  
r e s u l t i n g  i n  h i g h e r  waves. I f  t h e  waves a r e  out  of phase,  t h e y  tend t o  
c a n c e l  each o t h e r ,  r e s u l t i n g  i n  r e l a t i v e l y  s m a l l e r  waves. Whether t h e  
waves w i l l  r e i n f o r c e  o r  c a n c e l  each o t h e r  depends on t h e  l e n g t h  Froude 
number, F Z  = v/z1l2 (Comstock, 1967; Sorensen,  1973) .  V and 2  a r e  
t h e  v e s s e l  v e l o c i t y  and l e n g t h ,  r e s p e c t i v e l y .  
I n  deep wate r  t h e  wave h e i g h t s  g e n e r a l l y  i n c r e a s e  wi th  i n c r e a s i n g  
v e l o c i t y ,  excep t  a t  c e r t a i n  v e l o c i t i e s  where t h e  bow and s t e r n  waves tend 
t o  c a n c e l  each o t h e r .  The wave h e i g h t s  then  decay with d i s t a n c e  from t h e  
v e s s e l  a s  t h e  t o t a l  energy per  wave i s  d i s t r i b u t e d  over  a  l a r g e r  a r e a  
(Sorensen ,  1973; Das, 1969; Bhowmik, 1976; Johnson, 1968; Das and Johnson, 
1970).  
I n  sha l low wate r ,  t h e  wa te r  p a r t i c l e  motion genera ted  by t h e  waves 
w i l l  r each  t h e  bottom and t h e  wave p a t t e r n  w i l l  change s i g n i f i c a n t l y .  The 
impor tan t  parameter  i n  sha l low water  waves is  t h e  depth  Froude number, 
Fd = ~ / ( ~ d ) l / ~ .  V is  t h e  v e s s e l  v e l o c i t y ,  d  is  t h e  water  d e p t h ,  
and g  i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n .  For  Fd above approximately  
0 . 4 ,  t h e  waves w i l l  r each  t h e  bottom. As Fd i n c r e a s e s ,  wi th  an i n c r e a s e  
i n  v e s s e l  v e l o c i t y  o r  a  d e c r e a s e  i n  d e p t h ,  t h e  d i v e r g i n g  waves r o t a t e  
forward and f i n a l l y  make a  r i g h t  ang le  wi th  t h e  s a i l i n g  l i n e  f o r  Fd'l. 
T h e r e f o r e  a t  Fd'l, b o t h  t h e  d i v e r g i n g  and t r a n s v e r s e  waves form a  s i n g l e  
wave, which t r a v e l s  wi th  t h e  same speed a s  t h e  v e s s e l .  The l i m i t i n g  
v e s s e l  v e l o c i t y ,  determined a t  c r i t i c a l  Fd, i s  g i v e n  by ( g d ) 1 / 2  
(Sorensen ,  1973) .  
Channel C o n s t r i c t i o n  E f f e c t s  
I n  sha l low water ,  t h e  depth  r e s t r i c t i o n  h a s  been shown t o  p lay  a  
s i g n i f i c a n t  r o l e  i n  modifying t h e  wave p a t t e r n .  I f  a  water  body i s  narrow 
i n  t h e  l a t e r a l  dimension,  a  complex f low c o n d i t i o n  and wave p a t t e r n  w i l l  
r e s u l t .  When t h e  channel  is  s o  narrow a s  t o  a f f e c t  t h e  f low p a t t e r n  
around a  v e s s e l ,  t h e  waves genera ted  w i l l  be r e l a t i v e l y  h i g h e r  than those  
gener 'ated i n  u n r e s t r i c t e d  wate r s  by t h e  same v e s s e l  moving a t  t h e  same 
speed.  T h i s  is  because  of a  s i g n i f i c a n t  r e d u c t i o n  i n  t h e  f low a r e a  and 
t h e  a s s o c i a t e d  h i g h e r  a c c e l e r a t i o n s  of f low around t h e  v e s s e l .  Higher  
a c c e l e r a t i o n  r e s u l t s  i n  lower p r e s s u r e s  g e n e r a t i n g  h i g h e r  waves. I f  i n  
a d d i t i o n  t o  be ing  narrow t h e  channel  is  sha l low,  t h e  combined e f f e c t  w i l l  
r e s u l t  i n  more complex f low c o n d i t i o n s  and much h i g h e r  wave h e i g h t s  
(Sorensen ,  1973) .  
Waves Generated by River  T r a f f i c  
There  h a s  been very  l i m i t e d  r e s e a r c h  i n  t h e  a r e a  of waves genera ted  
by r i v e r  t r a f f i c  on r e s t r i c t e d  waterways. Most of t h e  i n v e s t i g a t i o n s  have 
concerned waves genera ted  by s h i p s  t r a v e l i n g  i n  deep and u n r e s t r i c t e d  
w a t e r s .  The few i n v e s t i g a t i o n s  d e a l i n g  wi th  waves i n  r e s t r i c t e d  waterways 
were done most ly  i n  Europe i n  r e l a t i o n  t o  s h i p  c a n a l  d e s i g n .  
Based on l a b o r a t o r y  and f i e l d  o b s e r v a t i o n s ,  some i n v e s t i g a t o r s  have 
developed e m p i r i c a l  e q u a t i o n s  f o r  p r e d i c t i n g  wave h e i g h t s  based on channel 
and v e s s e l  p a r a m e t e r s .  Ba lan in  and Bykov (1965)  used t h e  v e s s e l  v e l o c i t y  
and a  modi f i ed  blockage f a c t o r  a s  t h e  pr imary v a r i a b l e s  t o  develop t h e  
fol lowing equat ion f o r  es t imat ing  the wave he ight  i n  the v i c i n i t y  of a  
s h i p .  
where 
H = wave he ight  i n  f e e t  
V = vesse l  v e l o c i t y  i n  f t / s e c  
g = g r a v i t a t i o n a l  a c c e l e r a t i o n  i n  f t / s e c 2  
A, = t he  c ross -sec t iona l  a rea  of the  channel 
Am = bxD = the  submerged cross-sec t iona l  a r ea  of the ves se l  
i n  f t ,  where b = the  width of the  vesse l  i n  f t  and 
D = the  d r a f t  of the vesse l  i n  f t  
Another equat ion f o r  e s t ima t ing  maximum wave he ight  i s  given by 
Hochstein (U.S. Army Corps of Engineers ,  1980) as  fol lows:  
0.5 -2.5 
H max = 0.0448 v2 (;) 
(l - e) 
where 
H,. = maximum wave he ight  i n  f e e t  
L = l ength  of the  ves se l  in  f e e t  
A l l  o t h e r  v a r i a b l e s  a r e  as def ined before .  
The main d i f f e r e n c e  between the  two equat ions  o the r  than t h e i r  form 
i s  the  inc lus ion  of the v e s s e l ' s  length i n  Hochs te in ' s  equat ion.  
Drawdown 
As a  ves se l  moves forward, it pushes the water i n  f ron t  of it s ide-  
ways and down underneath i t .  At the  same time, it leaves  an open space 
behind i t ,  momentarily causing water to  flow from a l l  d i r e c t i o n s  to f i l l  
t h e  v o i d .  The p r o p e l l e r s  of t h e  v e s s e l  a l s o  suck a  l a r g e  amount of wa te r  
from benea th  t h e  v e s s e l .  A l l  t h e s e  f low c o n d i t i o n s  cause  a c c e l e r a t i o n  of 
t h e  wa te r  i n  t h e  v i c i n i t y  of t h e  v e s s e l .  A s  t h e  water  i s  a c c e l e r a t e d ,  
i n c r e a s i n g  i n  v e l o c i t y ,  a  drop i n  p r e s s u r e  r e s u l t s .  I n  energy terms,  the  
k i n e t i c  energy of t h e  water  i n c r e a s e s  w h i l e  i t s  p o t e n t i a l  ene rgy  
d e c r e a s e s .  The d e c r e a s e s  i n  p o t e n t i a l  energy and p r e s s u r e  m a n i f e s t  
themselves  i n  t h e  lower ing of t h e  wa te r  e l e v a t i o n .  A s  t h e  water  l e v e l  
d r o p s ,  t h e  v e s s e l  a l s o  drops  down. The d rop  o r  lower ing of t h e  v e s s e l  is  
known a s  " squa t . "  The drop of t h e  water  l e v e l  i n  t h e  whole f low f i e l d  i s  
known a s  t h e  drawdown. 
I n  c a n a l  and h a r b o r  e n t r a n c e  d e s i g n ,  t h e  s q u a t  is  of pr imary 
importance  because  of  grounding and l o s s  of c o n t r o l  of t h e  v e s s e l  a t  h i g h  
s q u a t s .  I n  s t r e a m  bank e r o s i o n  s t u d i e s ,  however, t h e  wa te r  e l e v a t i o n  
f l u c t u a t i o n  a t  t h e  s t r e a m  banks is  of  g r e a t e r  s i g n i f i c a n c e .  G e n e r a l l y  t h e  
d rop  i n  wa te r  e l e v a t i o n  is  t h e  g r e a t e s t  around t h e  v e s s e l  and d e c r e a s e s  
w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  v e s s e l .  It i s ,  t h e r e f o r e ,  r e a s o n a b l e  t o  
assume t h a t  t h e  drawdown a t  t h e  s t r e a m  banks is l e s s  than  t h e  s q u a t ;  
however,  bo th  t h e  s q u a t  and drawdown a r e  g e n e r a l l y  assumed t o  be equa l  t o  
s i m p l i f y  t h e  p h y s i c a l  p r o c e s s  i n t o  one-dimensional  f low f o r  a n a l y t i c a l  
a n a l y s i s  ( S c h i j f  and J a n s e n ,  1953; Kaa, 1978) .  
Channel c o n s t r i c t i o n s  bo th  i n  dep th  and w i d t h  g r e a t l y  i n c r e a s e  t h e  
drawdown s i n c e  t h e  f low i n  r e s t r i c t e d  c h a n n e l s  is  a c c e l e r a t e d  more than  
t h e  f low i n  u n r e s t r i c t e d  waterways.  I f  a  v e s s e l  t r a v e l s  c l o s e  t o  one of 
t h e  banks ,  t h e  drawdown w i l l  be h i g h e r  i n  t h e  r e g i o n  between t h e  v e s s e l  
and t h e  s t r e a m  bank than  i t  would have been i f  t h e  v e s s e l  had been 
t r a v e l i n g  a l o n g  t h e  middle  of t h e  channe l  (Bouwmeester e t  a l . ,  1977; Kaa, 
1978) .  
There  have been s e v e r a l  a t t e m p t s  t o  de te rmine  t h e  squa t  of v e s s e l s  i n  
c a n a l s  and h a r b o r  e n t r a n c e s  because  of t h e  problem of grounding and l o s s  
of  c o n t r o l  of v e s s e l s  i n  sha l low and r e s t r i c t e d  waterways a t  h i g h  v a l u e s  
of s q u a t .  The problem of s q u a t  h a s  a l s o  become more s e r i o u s  i n  r e c e n t  
y e a r s  as l a r g e r  modern v e s s e l s  t r a n s p o r t i n g  l a r g e r  ca rgo  need t o  use 
c h a n n e l s  and h a r b o r  e n t r a n c e s  des igned  f o r  s m a l l e r  v e s s e l s .  
, 
A s  d i s c u s s e d  e a r l i e r ,  squa t  and drawdown a r e  g e n e r a l l y  t r e a t e d  a s  
e q u a l  t o  s i m p l i f y  t h e  p h y s i c a l  phenomena a s  one-dimensional  f low. F u r t h e r  
a s sumpt ions  made i n  drawdown o r  squa t  a n a l y s i s  i n c l u d e  c o n s t a n t  v e s s e l  
v e l o c i t y  i n  a  s t r a i g h t  channe l ,  uniform v e s s e l  c r o s s  s e c t i o n  and backf low 
th roughout  t h e  f low s e c t i o n ,  uni form s q u a t  over  t h e  l e n g t h  of t h e  v e s s e l ,  
and no f r i c t i o n a l  l o s s e s .  A schemat ic  r e p r e s e n t a t i o n  of t h e  drawdown 
phenomenon i s  shown i n  f i g u r e  3. Ah i s  t h e  drawdown; D i s  t h e  d r a f t ;  Y i s  
t h e  h y d r a u l i c  d e p t h ;  b ,  L ,  and A, a r e  t h e  wid th ,  l e n g t h ,  and submerged 
c r o s s - s e c t i o n a l  a r e a  of t h e  v e s s e l ;  Z i s  t h e  d i s t a n c e  from t h e  v e s s e l  t o  
t h e  w a t e r  l e v e l  m o n i t o r i n g  d e v i c e .  
S c h i j f  and J a n s e n  (1953) developed a  method t o  e s t i m a t e  t h e  drawdown 
from one-dimensional  energy and c o n t i n u i t y  e q u a t i o n s  a s  f o l l o w s .  The 
drawdown o r  s q u a t ,  Ah, i s  g i v e n  by t h e  e q u a t i o n :  
where AV i s  t h e  backflow v e l o c i t y  benea th  t h e  v e s s e l ,  V is  t h e  v e s s e l  
v e l o c i t y  r e l a t i v e  t o  t h e  w a t e r ,  and t h e  o t h e r  v a r i a b l e s  a r e  a s  d e f i n e d  
e a r l i e r .  E q u a t i o n  3  i s  t h e  B e r n o u l l i  e q u a t i o n ,  which s t a t e s  t h a t  i n c r e a s e  
i n  k i n e t i c  ene rgy  is e q u a l  t o  t h e  d e c r e a s e  i n  p o t e n t i a l  energy i f  
f r i c t i o n a l  l o s s e s  a r e  n e g l e c t e d .  The term on t h e  r igh t -hand  s i d e  of t h e  
e q u a l  s i g n  r e p r e s e n t s  t h e  i n c r e a s e  i n  k i n e t i c  ene rgy ,  w h i l e  t h e  l e f t - h a n d  
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Figure 3. Schematic representation of the drawdown phenomenon 
side represents the decrease in potential energy. The backflow velocity, 
V, is computed from the one-dimensional continuity equation given as 
follows : 
Ac x V = [Ac - Am - (Ah x Bc)](V + Av) ( 4 )  
where A, is the submerged vessel cross-sectional area and Bc is the 
channel width. All the other terms are as defined earlier. Ah is calcu- 
lated by solving the two simultaneous equations. 
Another equation for the drawdown was developed by Gelencser (1977) 
from prototype and model test results. His equation relates the drawdown 
to the vessel's length, velocity, and the channel's cross- sectional area 
and distance from the sailing line as follows: 
where Z is the distance from the sailing line in meters, L is the length 
of the vessel in meters, and all other variables are as defined before, 
except that all the length units are in meters. The equation was 
developed by finding the equation of the best fit line between the 
variable in the bracket and the observed drawdown data. 
Two other drawdown equations which are slightly different from each 
other were presented by Dand and White (1978) and Gates and Herbich 
(1977). Dand's equation was based on scale ship model experiments and is 
given as follows: 
All the variables are as defined before. 
The drawdown e q u a t i o n  p resen ted  by Gates  and Herbich was d e r i v e d  a t  
b o t h  t h e  N a t i o n a l  Research Counci l  of Canada ( ~ o t h i l l ,  1966) and the  David 
T a y l o r  Model Bas in  (Garthune e t  a l . ,  1948) .  The e q u a t i o n  i s  g iven  a s :  
where V is  t h e  v e l o c i t y  of t h e  v e s s e l  i n  k n o t s ,  and A '  i s  the  c r o s s -  
s e c t i o n a l  a r e a  of t h e  channel a f t e r  t h e  drawdown minus t h e  c r o s s - s e c t i o n a l  
a r e a  of t h e  v e s s e l  i n  square  f e e t .  Ac i s  as d e f i n e d  b e f o r e .  
Wind-Generated Waves 
A s  mentioned i n  t h e  i n t r o d u c t i o n ,  waves genera ted  by wind a r e  among 
t h e  major causes  of bank e r o s i o n  i n  i n l a n d  waterways. A s  opposed t o  t h e  
l a c k  of r e s e a r c h  on waves genera ted  by r i v e r  t r a f f i c ,  t h e r e  has  been 
e x t e n s i v e  r e s e a r c h  i n  wind-generated waves and a s  a r e s u l t  t h e r e  a r e  
s e v e r a l  methodologies  t o  c a l c u l a t e  wind waves. For  e n g i n e e r i n g  
a p p l i c a t i o n s ,  however, the  most widely  used method of computing wind wave 
h e i g h t s  is t h e  S i g n i f i c a n t  Wave Height  method, r e f e r r e d  t o  as  the  
Sverdrup-Munk-Bretschneider (S-M-B) method a f t e r  t h e  r e s e a r c h e r s  who made 
a s i g n i f i c a n t  c o n t r i b u t i o n  t o  i t s  development.  The s i g n i f i c a n t  wave 
h e i g h t  is  d e f i n e d  s t a t i s t i c a l l y  a s  t h e  average wave h e i g h t  of t h e  h i g h e s t  
one- th i rd  waves observed d u r i n g  a g iven  per iod .  The S i g n i f i c a n t  Wave 
Height  method was f i r s t  developed by Sverdrup and Munk (1947) f o r  
p r e d i c t i n g  ocean waves. The s i g n i f i c a n t  wave h e i g h t ,  Hs ,  wave c e l e r i t y ,  
C ,  and wave p e r i o d ,  T, were expressed  a s  f u n c t i o n s  of f e t c h ,  F, wind 
v e l o c i t y ,  U ,  and wind d u r a t i o n ,  t .  The f e t c h  is  t h e  l e n g t h  of t h e  reach 
of water  over  which t h e  wind blows a t  a v e l o c i t y  o f  U ,  a s  shown i n  f i g u r e  
4. The wind duration is the period during which the wind velocity, U, 
remains constant. 
Rretschneider (1952, 1954, 1958) later modified the Sverdrup-Munk 
analysis to account for limiting fetch, length, wind duration, and some 
cases of shallow water. The S-M-B relation which is given in graphical 
form is approximated by the equation (Bhowmik, 1976): 
2 0.435 g ~ s / ~ 2  = 3.23 x (gF/U 
for g ~ / ~ 2  < 3 x 104. 
The S-M-R relation is good when the width of the fetch is of the same 
magnitude as the length. Saville (1954) developed a method to correct the 
fetch length for limiting fetch width. For a width to fetch, W/F, ratio 
of 0.05 to 0.6 as shown in figure 4, the effective fetch, Fe, can be 
approximated by the equation: 
F = 1.054 W 0.6 ,0.4 
e 
(9) 
When the wind direction is not coincident with the stream alignment, 
the effective wind velocity, Ue, is approximated by the following 
relation (Carlson and Sayre, 1961): 
u = U  Cos 4 
e 
(10) 
where 4 is the angle between the wind direction and the stream bearing. 
The above relation is recommended for 4 less than 45". The effective wind 
velocity should also be corrected for stream velocity, since wave 
generation should depend on the wind velocity relative to the water 
surface. The effective wind velocity for streams can be modified similar 
to that of canals as suggested by Carlson and Sayre (1961): 
ue = u Cos ( + V 

- 
where i s  the stream ve loc i ty .  V i s  p o s i t i v e  when the wind i s  
blowing i n  the general  upstream d i r e c t i o n ,  and is negat ive when the wind 
i s  blowing i n  the downstream d i r e c t i o n .  This  co r rec t ion  should be applied 
when + i s  l e s s  than 45". Equation 8 can now be r ewr i t t en  in  a  f i n a l  form 
by replac ing  the  wind ve loc i ty ,  U ,  and the f e t ch  length,  F, by t h e i r  
corresponding e f f e c t i v e  values a s  follows: 
The s i g n i f i c a n t  wave he igh t ,  Hs,  can the re fo re  be ca l cu la t ed  from 
equat ion  12 when the e f f e c t i v e  f e t ch ,  Fe, and the e f f e c t i v e  wind 
v e l o c i t y ,  U e ,  a r e  known. 
DATA COLLECTION PROGRAM 
S i t e  S e l e c t i o n  and D e s c r i p t i o n  
The c r i t e r i a  f o r  s e l e c t i n g  s t u d y  s i t e s  a r e  l i s t e d  i n  t a b l e  1 .  The 
f a v o r a b l e  s i t e  c h a r a c t e r i s t i c s  were d i v i d e d  i n t o  two c a t e g o r i e s :  pr imary 
and secondary  s i t e  c h a r a c t e r i s t i c s .  The pr imary c r i t e r i a  were r e l a t e d  
mainly  t o  t h e  channel  geometry and a l ignment  and t o  t h e  avoidance of  
o b s t r u c t i o n s  which might r e q u i r e  r i v e r  t r a f f i c  t o  s t o p ,  c o a s t ,  o r  
maneuver. 
The secondary  c r i t e r i a  were r e l a t e d  mainly  t o  l o g i s t i c  r e q u i r e m e n t s .  
Land and r i v e r  a c c e s s  t o  t h e  t e s t  s i t e  and a  s h o r e  a r e a  s u i t a b l e  f o r  
i n s t a l l i n g  wave gages  were cons ide red  i m p o r t a n t .  
A f t e r  a  r ev iew of hydrograph ic  maps (U.S. Corps o f  E n g i n e e r s ,  1971, 
19771, t o p o g r a p h i c  maps, and n a v i g a t i o n  c h a r t s  of t h e  I l l i n o i s  and 
M i s s i s s i p p i  R i v e r s  (U.S. Army Corps o f  E n g i n e e r s ,  1974,  19781, s e v e r a l  
s i t e s  were i d e n t i f i e d  a s  p o s s i b l e  l o c a t i o n s  f o r  s i t e - s p e c i f i c  s t u d i e s  
a c c o r d i n g  t o  t h e  c r i t e r i a  e s t a b l i s h e d  i n  t a b l e  1. A e r i a l  r e c o n n a i s s a n c e s  
of t h e s e  s i t e s  were taken t o  f u r t h e r  narrow down t h e  number of p o s s i b l e  
s i t e s .  The a e r i a l  r e c o n n a i s s a n c e s  provided i n f o r m a t i o n  on whether r i v e r  
t r a f f i c  maneuvered o r  c o a s t e d  around t h e  s i t e s  and a l s o  provided 
a d d i t i o n a l  and up-to-date in fo rmat ion  on a c c e s s  t o  t h e  s i t e s .  A f t e r  t h e  
a e r i a l  r e c o n n a i s s a n c e s ,  f i e l d  t r i p s  were taken t o  each s i t e  t o  f u r t h e r  
r educe  t h e  number of p o s s i b l e  s t u d y  s i t e s .  
Four s i t e s ,  two on t h e  I l l i n o i s  R i v e r  and two on t h e  M i s s i s s i p p i  
R i v e r ,  were f i n a l l y  s e l e c t e d  as  t h e  b e s t  s i t e s  t o  conduct  s i t e  s p e c i f i c  
s t u d i e s .  The names of t h e  s i t e s  and t h e i r  l o c a t i o n s  a r e  shown i n  t a b l e  2.  
T h e i r  r e l a t i v e  p o s i t i o n s  on t h e  I l l i n o i s  and M i s s i s s i p p i  R i v e r s  a r e  shown 
i n  f i g u r e  5. 
Table 1. Site Selection Criteria 
Primary Site Characteristics 
Typical 9-foot navigation channel 
Depth about 15 ' 
Representative width 
Natural or dredged channel 
Representative channel geometry and configuration 
Alignment 
Straight 
Representative radius bend 
No obstructions 
Wing dams 
Bridges 
~oading docks 
Fleeting areas 
Marinaslboat launches 
Ferry crossing 
Coincide with side channel site, if possible 
Possible site for intensive biological study 
Barges not coasting or maneuvering 
Secondary Site Characteristics 
Land access 
Vehicles 
Survey stations and related lines-of-sight 
Shore area 
For installation of wave instrumentation (pool 26 only) 
Boat landing 
River access 
Boat launching site nearby 
Secure boat harbor for boats 
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Table 2. Names and Locat ions of Study S i t e s  
S i t e  no. S i t e  name River  River  mi l e  
1  Hadley ' s  Landing I l l i n o i s  13.2 
2 McEverls I s l a n d  I l l i n o i s  50 .O 
3  Rip Rap Landing Mis s i s s ipp i  265.1 
4 Mosier Landing Mis s i s s ipp i  260.2 
The Hadley's Landing s i t e ,  shown i n  d e t a i l  i n  f i gu re  6 ,  is  loca ted  a t  
r i v e r  mi le  13.2 on t h e  I l l i n o i s  River i n  Pool 26. It i s  loca ted  about 8  
mi l e s  south of Hardin on the  west bank of the  r i v e r .  The t e s t  s i t e  is  
s i t u a t e d  approximately a t  the  middle of a  gradual  bend around Twelve Mile 
I s l a n d .  Since t he  bend i s  very gradua l ,  r i v e r  t r a f f i c  does not slow down 
t o  maneuver around the  bend. The c ros s - sec t iona l  p r o f i l e  a t  t h e  Hadley 's  
Landing t e s t  s i t e  i s  shown i n  the  upper po r t i on  of f i g u r e  7 .  Also shown 
i n  t h e  f i g u r e  a r e  t he  va lues  f o r  the  d i s cha rge ,  Q ,  the  c ros s - sec t iona l  
- 
a r e a ,  A,  and the  mean v e l o c i t y ,  V ,  dur ing  the  f i e l d  t r i p s  t o  the  
s i t e .  
Even though the  t e s t  s i t e  i s  loca ted  on a  bend, the c ros s - sec t iona l  
p r o f i l e  is  s i m i l a r  t o  t h a t  found i n  s t r a i g h t  segments of r i v e r s ,  with t he  
main channel approximately a t  t he  middle of the  r i v e r  and not very  c l o s e  
t o  e i t h e r  of t he  banks. 
Access t o  t he  s i t e  was very easy and the re  was a  S t a t e  of I l l i n o i s  
boat ramp a t  t h e  s i t e .  
The McEver's I s l a n d  s i t e ,  shown i n  f i g u r e  8 ,  is  loca ted  a t  r i v e r  mile  
50 on t h e  I l l i n o i s  River i n  Pool 26. It i s  loca ted  on the  e a s t  bank of 
t h e  r i v e r  oppos i te  Montezuma. The t e s t  s i t e  is  loca ted  on a  very gradua l  
bend about 0 .4  mi le  no r th  of McEverls I s l a n d .  The c ross -sec t iona l  p r o f i l e  
a t  the  t e s t  s i t e  is  shown i n  t he  lower po r t i on  of f i g u r e  7 .  
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Figure 7 .  Cross-sectional p r o f i l e s  of  the Hadley' s Landing and 
McEver's Island t e s t  s i t e s  

Even though the  t e s t  s i t e  i s  l oca t ed  on a gradua l  bend, the  cross-  
s e c t i o n a l  p r o f i l e  i s  s i m i l a r  t o  t h a t  found i n  s t r a i g h t  segments of r i v e r s  
with t h e  main channel a t  the  middle of t he  r i v e r  and not c lo se  t o  e i t h e r  
of the  banks. 
River  t r a f f i c  does not slow down o r  maneuver near t he  s i t e .  Access 
t o  the  s i t e  was good both on land and water .  
The Rip Rap Landing s i t e ,  shown i n  f i g u r e  9 ,  is  loca ted  a t  r i v e r  mi le  
265.1 on the  Mis s i s s ipp i  River i n  Pool 25. It i s  l oca t ed  about t h r e e  
mi l e s  south of Belleview i n  Calhoun County conserva t ion  a r ea .  The t e s t  
s i t e  i s  on the  e a s t  s i de  of t he  r i v e r .  On the  west s i d e  of the  r i v e r  i s  a 
narrow s i d e  channel,  c a l l e d  Slim Chute. Between the  s i d e  channel and the 
main r i v e r  t h e r e  a r e  s eve ra l  i s l a n d s ,  of which Slim I s l and  is  t h e  
l a r g e s t  . 
The t e s t  s i t e  i s  loca ted  on the  ou t s ide  of a gradual  bend. The 
c ros s - sec t iona l  p r o f i l e  a t  t he  t e s t  s i t e  i s  shown i n  the upper po r t i on  of 
f i g u r e  L O .  A s  shown i n  f i g u r e  10, the main channel i s  on t he  ou t s ide  of 
the  bend c l o s e  t o  the  l e f t  bank of the r i v e r .  River t r a f f i c  does no t ,  
however, slow o r  maneuver c lo se  t o  the s i t e .  Access t o  the s i t e  was easy 
on land and a 7.5 mi l e  t r i p  by boat from a p r i v a t e  marina. 
The Mosier Landing s i t e ,  shown i n  f i g u r e  11, i s  loca ted  a t  r i v e r  mile  
260.2 on t h e  M i s s i s s i p p i  River i n  Pool 25. It i s  s i t u a t e d  on the  e a s t  
bank of t he  r i v e r  about 1.7 mi les  north of Hamburg. On the  western s i d e  
of the  r i v e r  t h e r e  is  a s i d e  channel c a l l e d  Thomas Chute. Between t h e  
s i d e  channel and the  main channel t h e r e  a r e  t h r e e  i s l a n d s ,  of which Mosier 
I s l a n d  i s  the  l a r g e s t .  The t e s t  s i t e  i s  l oca t ed  on the ou t s ide  and t h e  
t a i l  end of a bend around the  nor thern  po r t i on  of Mosier I s l and .  
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The c r o s s - s e c t i o n a l  p r o f i l e  a t  t h e  t e s t  s i t e  d u r i n g  normal pool l e v e l  
i s  shown i n  t h e  lower p o r t i o n  of f i g u r e  10.  A s  shown i n  t h e  f i g u r e ,  t h e  
main channe l  is  found on t h e  o u t s i d e  of  t h e  bend v e r y  c l o s e  t o  t h e  e a s t  
s h o r e  of t h e  r i v e r .  
Access  t o  t h e  s i t e  was very  good, b o t h  on l and  and w a t e r .  The s i t e  
i s  l o c a t e d  j u s t  behind a  boa t  d e a l e r s h i p  wi th  a  boa t  ramp a t  t h e  s i t e .  
R i v e r  t r a f f i c  does  no t  slow down o r  maneuver a t  t h e  s i t e ,  excep t  when two 
tows need t o  pass  each o t h e r  j u s t  n o r t h  of t h e  s i t e .  
I n s t r u m e n t a t i o n  
The i n s t r u m e n t s  used t o  c o l l e c t  f i e l d  d a t a  can be grouped i n t o  two 
c a t e g o r i e s .  The f i r s t  group i n c l u d e s  t h o s e  i n s t r u m e n t s  used t o  measure 
wave h e i g h t  and drawdown. Two d i f f e r e n t  systems were u t i l i z e d  t o  measure 
wave h e i g h t  and drawdown. The f i r s t  sys tem was a  s t a f f  gage and a  movie 
camera,  and t h e  second system was an e l e c t r o n i c  wave gage connected t o  a  
mini-computer.  A t y p i c a l  wave ins t rument  se t -up i s  shown i n  f i g u r e  12.  
Shown i s  t h e  e l e c t r o n i c  wave gage wi th  t h e  e l e c t r i c a l  c a b l e ,  t h e  s t a f f  
gages  t o  t h e  l e f t ,  t h e  movie camera i n  t h e  middle  a t  t h e  wa te r  edge,  and 
t h e  van w i t h  t h e  computer system. 
The second group of i n s t r u m e n t s  were t h e  su rvey ing  i n s t r u m e n t s  f o r  
measur ing v e s s e l  speed,  t r a c k  of tow, and d i s t a n c e  of tow from t h e  s h o r e .  
Each sys tem w i l l  be d i s c u s s e d  i n  more d e t a i l  i n  t h e  fo l lowing  s e c t i o n s .  
Staff Gage and Movie Camera 
T h i s  sys tem i n c l u d e s  a  s t a f f  gage and a  super  8 mm movie camera wi th  
a  t r i p o d .  To i n s t a l l  t h e  system, a  f ence  p o s t  10 f e e t  long i s  f i r s t  
d r i v e n  i n t o  t h e  r i v e r  bottom about 30 t o  50 f e e t  from t h e  edge of t h e  
w a t e r .  Then t h e  s t a f f  gage,  which i s  5 f e e t  long ,  i t  b o l t e d  on t o  t h e  

fence post .  An attempt i s  always made to have the s t i l l  water l eve l  a t  
t he  midpoint of the  s t a f f  gage. The depth of water where the s t a f f  gage 
was i n s t a l l e d  va r i ed  from 5 t o  8  f e e t .  Af te r  the s t a f f  gage i s  i n s t a l l e d  
it appears a s  shown i n  f i gu re  13. 
The movie camera i s  then posi t ioned on a  t r i pod  a t  the c l o s e s t  
poss ib l e  l oca t ion  with respect  t o  the s t a f f  gage. It i s  very important t o  
p o s i t i o n  the  movie camera so as t o  reduce r e f l e c t i o n  from the  water 
su r f ace  and a l s o  t o  avoid i t s  being on the  dark s i d e  of the s t a f f  gage. 
The camera can be posi t ioned on the r i v e r  bank o r  i n  shallow water,  
depending on the  s i t e  c h a r a c t e r i s t i c s .  
The movie camera i s  then focused on the  s t a f f  gage and i t s  f i l t e r  
ad jus ted  t o  minimize r e f l e c t i o n  from the water su r f ace .  The camera i s  
f i t t e d  with a  remote con t ro l  t o  s t a r t  and s top  taking p i c t u r e s  a t  a  
convenient l o c a t i o n .  The camera and the  s t a f f  gage a r e  shown i n  f i g u r e  14 
during an event a t  Hadley's Landing on the I l l i n o i s  River.  
The speed of the movie camera i s  18 frames per second. Therefore,  i t  
was poss ib le  t o  ob ta in  18 readings per second during an event .  This 
provided more than enough d a t a  poin ts  t o  cons t ruc t  the wave p r o f i l e s .  One 
f i lm  c a r t r i d g e  l a s t s  f o r  about 3  minutes. For some events ,  one c a r t r i d g e  
was s u f f i c i e n t ;  f o r  o t h e r s  more than one was requi red .  
Electronic Wave Gage and Mini-Computer 
During the progress  of the p r o j e c t ,  it was soon r e a l i z e d  t h a t  the  
a n a l y s i s  of wave d a t a  from the  f i lms was an extremely lengthy and 
cumbersome process .  It was then decided t o  i n v e s t i g a t e  a  more e f f i c i e n t  
technique of c o l l e c t i n g  the f i e l d  da ta .  
Figure 13 .  Staf f  gage i n  calm water 
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A new e l e c t r o n i c  sys tem was b u i l t  a t  t h e  S t a t e  Water Survey and 
t e s t e d  i n  t h e  f i e l d .  The system i n c l u d e s  e l e c t r o n i c  wave gages with 
exposed c o n t a c t  p o i n t s  0.05 f e e t  a p a r t  and a  mini-computer t o  c o n t r o l  d a t a  
c o l l e c t i o n  and s t o r e  the  d a t a  on c a s s e t t e  t a p e s .  
The wave gage c o n s i s t s  of a  PVC p i p e  c a s e ,  a  3 f t  sensor  g r i d ,  and an  
e l e c t r o n i c s  package ( f i g u r e  1 5 ) .  The c a s e  i s  d i v i d e d  i n t o  two main a r e a s ,  
t h e  c a s e  p r o t e c t i n g  t h e  sensor  g r i d  and t h e  one p r o t e c t i n g  t h e  e l e c -  
t r o n i c s .  The c a s e  p r o t e c t i n g  t h e  sensor  g r i d  is  a  60-inch l e n g t h  of 
2-inch PVC p i p e  wi th  a  42-inch long by 112-inch-wide s l o t  c u t  s t a r t i n g  12 
i n c h e s  down from t h e  top  of t h e  p i p e  t o  6  i n c h e s  from t h e  bottom. The 
s e n s o r  g r i d  p r o t r u d e s  through t h i s  s l o t  t o  moni to r  t h e  waves. A 2-inch 
PVC c a p  i s  connected t o  t h e  bottom of t h e  s e c t i o n  of p ipe .  Cemented on 
t o p  i s  t h e  e l e c t r o n i c s  c a s e ,  which c o n s i s t s  o f  PVC f i t t i n g  t o  expand t o  a  
d iamete r  of 4  inches .  Th i s  s e c t i o n  is 1 f o o t  t a l l  and i s  s p l i t  
approximately  i n  h a l f  by a  threaded s e c t i o n  t o  pe rmi t  a c c e s s  t o  t h e  
e l e c t r o n i c s .  I n  t h e  lower h a l f  s e c t i o n  i s  a  35 pin-connector  t h a t  is used 
t o  i n t e r c o n n e c t  t h e  gage and t h e  i n t e r f a c e  on s h o r e .  The w i r e s  from t h e  
s e n s o r  g r i d  c a s e  t o  t h e  e l e c t r o n i c s  package compartment and from t h a t  
compartment t o  t h e  connec tor  a r e  s e a l e d  wi th  s i l i c o n  c a u l k i n g  compound t o  
p reven t  m o i s t u r e  from e n t e r i n g .  
The s e n s o r  g r i d  c o n s i s t s  of 3  1-foot-long by 2-114-inch-wide 
s i n g l e - s i d e d  1116-inch-thick copper-clad boards .  These boards  have been 
e t c h e d  t o  form a  p a t t e r n  of f i n g e r s  spaced 1/20 of a  f o o t  a p a r t  
( f i g u r e  1 5 ) .  The f i n g e r s  a r e  go ld  p l a t e d  t o  m a i n t a i n  a  good e l e c t r i c a l  
c o n t a c t  wi th  wa te r .  Twenty conductor  r ibbon c a b l e s  a r e  s o l d e r e d  t o  pads 
a t  t h e  end of t h e  f i n g e r s ,  and t h e  c o n t a c t  s i d e s  of t h e  boards  a r e  p a i n t e d  
wi th  s p a r  v a r n i s h  excep t  f o r  approximately  1/16 inch  of c o n t a c t  end. Th is  
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p r o t e c t s  the  so lde r  j o i n t  and makes the contac t  a r ea  small t o  he lp  
accuracy. The 3 boards a r e  then l i ned  up to  make a 3-foot sensor  g r id .  
This g r i d  i s  then sandwiched between 118-inch x 2-inch x 3-foot and 
1116-inch x 112-inch x 3-foot aluminum s t r i p s  and bol ted  i n t o  a 3-foot 
piece of 25164-inch x 112-inch x 1116-inch aluminum channel.  This channel 
i s  then bol ted  t o  the in s ide  of the 2-inch PVC pipe so tha t  the sensor 
extends through the  112-inch s l o t  i n  the  p ipe .  The aluminum s t r i p s  and 
channel form a r i g i d  support f o r  the sensor  g r i d  and a secure method of 
mounting i t  t o  t he  PVC pipe .  The 118-inch and 1116-inch aluminum s t r i p s ,  
a s  wel l  as  the copper-clad board, a r e  notched every 6 inches to provide 
space f o r  the  8-32 pop r i v e t  thread i n s e r t s  which a r e  used t o  mount the  
sensor  g r i d  s t r i p  t o  the in s ide  of a PVC pipe.  
Atop the sensor  g r i d  s ec t ion  of  PVC housing i s  the  s ec t ion  t h a t  
houses the e l e c t r o n i c s  and cable  connector.  It i s  cons t ruc ted  out of 
4-inch t o  3-inch, 3-inch t o  2-inch reducers ,  and a 4-inch threaded coup- 
l i n g .  This allows the pipe diameter to  increase  t o  4 inches to  house the 
e l e c t r o n i c s  more e a s i l y .  There a r e  two c i r c u i t  boards,  as  shown i n  f i g u r e  
16,  and a 4-inch aluminum d i s k  sepa ra t ing  the boards by 2 inches.  The 
d i s k  has a 2-114-inch ho le  i n  i t s  c e n t e r  t o  pass cab le s  from the sensor  
g r i d  and the 35-pin connector to  the e l e c t r o n i c s  package. The lower 
c i r c u i t  board has a l l  the connectors f o r  these  c a b l e s ,  and the upper board 
has the e l e c t r o n i c  c i r c u i t  i t s e l f .  This allows f o r  easy access to  and 
removal of the e l e c t r o n i c s  package i f  needed. The housing i s  sea led  with 
a 4-inch PVC cap.  Vacuum grease i s  used t o  s e a l  the threads  aga ins t  water 
leakage.  The e l e c t r o n i c s  housing i s  a l s o  sea led  from the sensor  g r i d  
housing and connector with s i l i c o n  rubber compound. 

The use  o f  PVC p i p e  makes f o r  an  e a s i l y  c o n s t r u c t e d  ins t rument  t h a t  
i s  l i g h t w e i g h t ,  w a t e r p r o o f ,  c o r r o s i o n  p roof ,  and s t r o n g .  
The wave gage r e c e i v e s  power and a  1 KHz  c l o c k i n g  s i g n a l  from t h e  
wave gage i n t e r f a c e  v i a  a  100-foot ,  15 p a i r  t w i s t e d  c a b l e .  The wave gage 
u s i n g  t h e s e  i n p u t s  sequences  up t h e  c o n t a c t s  one by one s t a r t i n g  a t  t h e  
bot tom of  t h e  gage.  When t h e  gage g e t s  t o  a  c o n t a c t  which i s  ou t  of the  
wa te r  i t  s t o p s  t h e  sequence and loads  t h a t  number on to  t h e  8  d a t a  l i n e s  t o  
t h e  i n t e r f a c e  e v e r y  1/10 o f  a  second. During t h a t  l o a d i n g  t ime i t  
i n h i b i t s  t h e  computer from g e t t i n g  i n f o r m a t i o n  u n t i l  t h e  d a t a  l i n e s  a r e  
s t a b l e .  
The wave gage i n t e r f a c e  g e n e r a t e s  1  KHz t iming  and power t o  run wave 
gages  and pass  d a t a  from t h e  wave gage t o  t h e  computer.  The computer 
s e q u e n t i a l l y  s c a n s  t h e  ou tpu t  of t h e  wave gage and l o a d s  t h e  wave h e i g h t  
i n f o r m a t i o n  i n t o  memory. 
F i g u r e  17 shows t h e  e l e c t r o n i c  gage i n s t a l l e d  i n  t h e  r i v e r  a t  t h e  
McEver's I s l a n d  t e s t  s i t e .  The i n s t a l l a t i o n  of t h e  wave gage r e q u i r e s  
d r i v i n g  a  10-foot  f ence  pos t  i n t o  t h e  r i v e r  bottom and b o l t i n g  a n o t h e r  
p i e c e  of 5-foot  f e n c e  pos t  t o  ex tend  t h e  h e i g h t .  Two s u p p o r t i n g  b r a c k e t s  
a r e  then  b o l t e d  t o  t h e  fence  p o s t ,  one about 2  f e e t  below the  wa te r  
s u r f a c e  and t h e  o t h e r  one a t  a  v a r i a b l e  d i s t a n c e  above t h e  wa te r  s u r f a c e  
depending on t h e  l e n g t h  of t h e  wave gage. The wave gage i s  then s e t  on 
t h e  lower s u p p o r t i n g  b r a c k e t  and f a s t e n e d  t o  t h e  upper b r a c k e t  wi th  a  hose  
clamp. The e l e c t r i c a l  c a b l e  from t h e  wave gage i s  then c a r e f u l l y  l a i d  on 
t h e  r i v e r  bot tom i n  t h e  d i r e c t i o n  of t h e  computer,  where i t  i s  plugged t o  
t h e  IEEE i n t e r f a c e .  
The mini-computer i s  a  CBM computer,  Model 80032, wi th  32K memory. 
P e r i p h e r a l s  i n c l u d e  two c a s s e t t e  d r i v e s ,  a  p r i n t e r ,  a  modem, and a n  IEEE 

i n t e r f a c e  between the computer and the wave gages. The computer, the 
c a s s e t t e  d r i v e ,  and the  IEEE  i n t e r f a c e  a r e  shown i n  f i g u r e  18 a s  they were 
being used i n  the f i e l d .  The whole system s i t s  i n  the back of a  s t a t i o n  
wagon o r  a  van. The p r i n t e r  i s  j u s t  behind the  computer. The IEEE 
i n t e r f a c e  t ransforms the e l e c t r i c a l  output  of the wave gages i n t o  b inary  
s i g n a l s  which can be read by the  computer. 
The power supply t o  the computer and the wave gages comes e i t h e r  from 
a  small po r t ab l e  genera tor  or  from some p r i v a t e  power i f  a v a i l a b l e  a t  t he  
s i t e s .  
The modem i s  used t o  i n t e r f a c e  the mini-computer with a  CYBER 
computer f o r  d a t a  t r a n s f e r  and a n a l y s i s .  
A schematic diagram of the wave and drawdown d a t a  c o l l e c t i o n  system 
i s  shown i n  f i g u r e  19. Water l e v e l  readings from the  wave gages go t o  t he  
i n t e r f a c e ,  which transforms the d a t a  i n t o  readable form f o r  the computer. 
The computer then reads the  da t a  and s t o r e s  them i n  memory. A t  the end of 
an event ,  t he  d a t a  a r e  s tored  on c a s s e t t e  tapes .  The d a t a  can a l s o  be 
p r in t ed  on paper f o r  inspec t ion .  La te r  the mini-computer sends the d a t a  
t o  the CYBER computer through the modem and phone l i n e s  f o r  f u r t h e r  
a n a l y s i s .  
Surveying Instruments  
The surveying instruments  used during the  f i e l d  work include two 
L i e t z  TM-1OC p rec i s ion  t h e o d o l i t e s ,  range f i n d e r s ,  t iming watches, and 
measuring t apes .  The two theodo l i t e s  were used p r imar i ly  fo r  the t racking  
of the  s a i l i n g  l i n e  of the  tows wi th in  the  t e s t  s i t e ,  as w i l l  be discussed 
i n  the  fol lowing sec t ion .  The theodo l i t e s  were a l s o  used f o r  the s i t e  

POWER 
SOURCE 
,-T. I WAVE GAGE CASSETTE TAPE DRIVE 
CYBER 
COMPUTER 
PRINTER 
WAVE 
GAGE 
u 
Figure 19. Schematic of the wave and drawdown measuring instruments 
line 
WAVE 
WAVE GAGE 
GAGE INTERFACE 
CBM 
COMPUTER 
survey  t o  d e f i n e  t h e  shore  l i n e  p o s i t i o n  and t h e  l o c a t i o n  of a l l  d a t a  
g a t h e r i n g  i n s t r u m e n t s .  
The range f i n d e r s  were used i n  p l a c e  of t h e  t h e o d o l i t e s  f o r  d e t e r -  
mining t h e  d i s t a n c e  of  v e s s e l s  from t h e  s h o r e  l i n e .  The t i m i n g  watches 
were used t o  de te rmine  t h e  t ime taken by a  v e s s e l  t o  t r a v e l  a  known 
d i s t a n c e .  The t a p e  measures were used t o  e s t a b l i s h  b a s e l i n e s  on s h o r e .  
Da ta  C o l l e c t i o n  Procedure  
A g e n e r a l  d iagram of t h e  f i e l d  c o n d i t i o n s  and t h e  d a t a  t h a t  need t o  
be c o l l e c t e d  is  p r e s e n t e d  i n  f i g u r e  20. A s  a  tow p a s s e s  a  t e s t  s e c t i o n ,  
i t  g e n e r a t e s  waves and d e p r e s s e s  t h e  w a t e r  l e v e l  by changing t h e  n a t u r a l  
f low f i e l d  i n  t h e  r i v e r .  The p r o p e l l e r  of t h e  towboat a l s o  g e n e r a t e s  
g r e a t  t u r b u l e n c e  behind i t .  A t  t h e  same t ime o r  some o t h e r  t ime,  s t r o n g  
winds cou ld  blow o v e r  t h e  wa te r  s u r f a c e  and g e n e r a t e  a  d i f f e r e n t  k ind of 
wave. 
F o r  t h i s  p r o j e c t  i t  was n e c e s s a r y  t o  c o l l e c t  d a t a  on t h e  channel  and 
f low c o n d i t i o n s  wi thou t  t h e  presence of a  tow, t o  e s t a b l i s h  t h e  
u n d i s t u r b e d  c o n d i t i o n s  and t o  de te rmine  some impor tan t  pa ramete r s  needed 
f o r  a n a l y s i s  of  wave and drawdown d a t a .  The wave and drawdown d a t a  a r e  
r ecorded  a s  a  tow p a s s e s  t h e  t e s t  s i t e  by u t i l i z i n g  t h e  a p p r o p r i a t e  
i n s t r u m e n t s ;  and a t  t h e  same t ime ,  i n f o r m a t i o n  abou t  t h e  tow such a s  
speed ,  d r a f t ,  number of b a r g e s ,  towboat name, and d i s t a n c e  from s h o r e  is  
c o l l e c t e d .  
A d e t a i l e d  d i s c u s s i o n  of  t h e  d a t a  c o l l e c t i o n  p rocedure  i s  p r e s e n t e d  
i n  t h e  f o l l o w i n g  s e c t i o n s .  

Channel and Flow Paramete rs  
Channel geometry and f low measurements were t aken  a t  H a d l e y ' s  
Landing,  Rip Rap Landing,  and McEver's I s l a n d  d u r i n g  o r  s h o r t l y  a f t e r  t h e  
f i e l d  t r i p s  t o  t h e  s i t e s .  The measurements were not performed a t  Mosier 
Landing because  of h igh  flow c o n d i t i o n s  and r a p i d l y  changing wate r  
e l e v a t i o n s .  However, Mosier Landing was on ly  5 m i l e s  downstream of Rip 
Rap Landing,  and Mosier Landing ' s  c r o s s - s e c t i o n a l  p r o f i l e  is  s i m i l a r  t o  
t h a t  of R ip  Rap Landing a s  shown i n  f i g u r e  11. T h e r e f o r e ,  i t  can be 
assumed t h a t  t h e  f low c o n d i t i o n s  a t  both  s i t e s  a r e  a l s o  s i m i l a r .  The 
channel  p r o f i l e  f o r  Mosier Landing was t aken  from t h e  U.S. Army Corps of 
Engineers  hydrograph ic  su rvey  maps of t h e  M i s s i s s i p p i  R iver  (1971) .  
The c r o s s  s e c t i o n  and v e l o c i t y  d a t a  were t aken  accord ing  t o  the  
procedure  d e s c r i b e d  by Buchanan and Somers (1969)  f o r  s t ream gag ing .  The 
ins t rument  used was a  s t andard  Pr ice - type  c u r r e n t  meter  wi th  a  30 l b  
" f i s h "  ( f i g u r e  21) suspended on c a b l e  from a  c rane  wi th  a  winch. The 
c r a n e  was then  mounted on a  work b o a t ,  which was used f o r  measuring 
v e l o c i t y  and d i s c h a r g e  d a t a .  
The boa t  was p o s i t i o n e d  a t  d i f f e r e n t  d i s t a n c e s  from t h e  shore  a long  
t h e  c r o s s  s e c t i o n  and anchored t o  t h e  r i v e r  bottom t o  ho ld  p o s i t i o n  whi le  
measur ing dep th  and v e l o c i t y .  The d i s t a n c e  from t h e  shore  t o  t h e  boat was 
determined by a  t r a n s i t  on s h o r e .  
V e l o c i t i e s  were measured a t  0 . 2  and 0 . 8  of t h e  t o t a l  dep th  a t  each 
v e r t i c a l .  The average  v e l o c i t y  a t  t h e  v e r t i c a l  is  then  determined by 
d i v i d i n g  t h e  sum of t h e  two r e a d i n g s .  The c r o s s - s e c t i o n a l  p r o f i l e s  f o r  
t h e  t e s t  s i t e s  a t  H a d l e y ' s  Landing and McEver's I s l a n d  a r e  shown i n  f i g u r e  
7 ,  and t h a t  of Rip Rap Landing is  shown i n  f i g u r e  10. V e l o c i t y  and dep th  
measurements were t aken  a t  1 7 ,  18,  and 16 v e r t i c a l s  f o r  H a d l e y ' s  Landing,  
Rip Rap Landing,  and McEver's I s l a n d ,  r e s p e c t i v e l y .  The v e l o c i t y  and 
-45- 

dep th  d a t a  a l o n g  wi th  t h e  d i s c h a r g e  computa t ions  a r e  g iven  i n  t a b l e s  3 ,  4 ,  
and 5  f o r  Had ley ' s  Landing,  Rip Rap Landing,  and McEver's I s l a n d ,  
r e s p e c t i v e l y .  
A s  shown i n  t a b l e  3  f o r  t h e  ~ a d l e y ' s  Landing t e s t  s i t e ,  t h e  
d i s c h a r g e ,  Q, t h e  c r o s s - s e c t i o n a l  a r e a ,  A ,  and t h e  average  v e l o c i t y ,  
- 
V ,  we're 39,469 c f s ,  13,915 sq f t ,  and 2.84 f t / s e c ,  r e s p e c t i v e l y .  Also,  
from f i g u r e  7  i t  can be determined t h a t  t h e  t o p  width of t h e  channel  was 
845 f e e t .  By d i v i d i n g  t h e  c r o s s - s e c t i o n a l  a r e a  by t h e  t o p  wid th ,  one can 
de te rmine  t h e  average  d e p t h ,  which i s  16.5 f e e t .  
S i m i l a r l y ,  frorn t a b l e  4, t h e  d i s c h a r g e ,  c r o s s - s e c t i o n a l  a r e a ,  and 
average  v e l o c i t y  f o r  t h e  Rip Rap Landing t e s t  s i t e  were 77,864 c f s ,  24,155 
s q  f t ,  and 3.22 f t / s e c ,  r e s p e c t i v e l y .  The t o p  width  of t h e  channel  from 
f i g u r e  10 i s  1595 f e e t .  The average  d e p t h  i s  t h e r e f o r e  15.1  f e e t .  
From t a b l e  5 ,  t h e  d i s c h a r g e ,  c r o s s - s e c t i o n a l  a r e a ,  and average 
v e l o c i t y  f o r  t h e  McEver's I s l a n d  t e s t  s i t e  were 44,118 c f s ,  15,883 sq  f t ,  
and 2.78 f t / s e c ,  r e s p e c t i v e l y .  From f i g u r e  7 ,  t h e  t o p  width of t h e  
c h a n n e l  is 915 f e e t .  The average  dep th  is then 17.4  f e e t .  
Vessel Parameters 
During each even t  a l l  t h e  p e r t i n e n t  i n f o r m a t i o n  about t h e  r i v e r  
t r a f f i c  was c o l l e c t e d  on t h e  d a t a  s h e e t  shown a s  f i g u r e  22 .  I n f o r m a t i o n  
on such v a r i a b l e s  as  t h e  v e s s e l  type ,  s i z e ,  d r a f t ,  d i s t a n c e  from s h o r e ,  
and d i r e c t i o n  o f  movement was recorded  d u r i n g  t h e  e v e n t .  The names of t h e  
v e s s e l s ,  e s p e c i a l l y  t h o s e  of t h e  tows, were a l s o  r e c o r d e d .  The tow name 
can be  used t o  check t h e  tow c h a r a c t e r i s t i c s  such a s  s i z e ,  eng ine  power, 
and p r o p e l l e r  t y p e  i n  t h e  I n l a n d  R i v e r  Record (Owen, 1981) .  
Table  3.  V e l o c i t y  and Discharge  Measurements a t  Hadley ' s  Landing,  
I l l i n o i s  R i v e r ,  R ive r  Mile 13.2 
Date  of d a t a  c o l l e c t i o n :  5 / 7 / 8 1  
Measured d i s c h a r g e :  39469 c f s  
C r o s s - s e c t i o n a l  a r e a :  13915 sq f t  
Average v e l o c i t y :  2.84 f t / s e c  
D i s t a n c e  from Depth of Ave. v e l o c i t y  
l e f t  edge l o o k i n g  wa te r  V(  - 2 )  V( .8 )  i n  t h e  v e r t i c a l  q  
downstream ( f t )  ( f t )  ( f t / s e c >  f t / s e c >  -- ( f t / s e c >  ( c f s )  
~ ( . 2 )  = v e l o c i t y  a t  0 . 2  of t o t a l  dep th  from t h e  s u r f a c e  
~ ( . 8 )  = v e l o c i t y  a t  0 .8  of  t o t a l  depth  from t h e  s u r f a c e  
q  = p a r t i a l  d i s c h a r g e  
Table 4.  Veloci ty and Discharge Measurements a t  Rip Rap Landing, 
Miss i s s ipp i  River,  River Mile 265.1 
Date of da t a  c o l l e c t i o n :  4/10/81 
Measured discharge:  77864 c f s  
Cross-sect ional  area: 24155 sq f t  
Average ve loc i ty :  3.22 f t / s e c  
Distance from 'Depth of Ave. v e l o c i t y  
l e f t  edge looking water V( .2) V( .8) i n  the v e r t i c a l  q 
downstream ( f t )  ( f t )  ( f t l s e c )  f t / s e c >  ( f t / s e c >  - ( c f s )  
~ ( . 2 )  = v e l o c i t y  a t  0 .2  of t o t a l  depth from the  su r face  
V( .8) = v e l o c i t y  a t  0.8 of t o t a l  depth from the  sur face  
q = p a r t i a l  discharge 
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The v e s s e l  t y p e s  encountered d u r i n g  t h e  f i e l d  t r i p s  were a  tow 
pushing b a r g e s ,  a  tow without  b a r g e s ,  and p l e a s u r e  c r a f t s  such as  c a b i n  
c r u i s e r s  and smal l  speed b o a t s .  Most of t h e  b a r g e s  were jumbo b a r g e s ,  b u t  
t h e r e  were a l s o  some s t a n d a r d  s i z e  and pe t ro leum b a r g e s .  The s i z e s  of t h e  
jumbo, s t a n d a r d ,  and pet roleum barges  were 195 f e e t  x 35 f e e t ,  175 f e e t  x 
26 f e e t ,  and from 150-300 f e e t  x 50 f e e t ,  r e s p e c t i v e l y .  The tow s i z e s  
ranged from 85 f e e t  x 26 f e e t  f o r  t h e  s m a l l e s t  tow t o  180 f e e t  x 52 f e e t  
f o r  t h e  l a r g e s t .  The s i z e ,  number of p r o p e l l e r s ,  power, and nozz le  type  
f o r  most of  t h e  tows s i t e d  d u r i n g  a l l  t h e  f i e l d  t r i p s  i s  summarized i n  
t a b l e  6 .  
The d r a f t  of ba rges  was mos t ly  s t a n d a r d  i n  t h a t  loaded ba rges  had 9 
f e e t  of  d r a f t  and unloaded b a r g e s  had 2 f e e t  of d r a f t .  The d r a f t  was read  
on t h e  d r a f t  i n d i c a t o r s  on t h e  s i d e s  of  t h e  b a r g e s .  There  were some c a s e s  
where tows were pushing a  combinat ion of unloaded and loaded b a r g e s .  
These i n s t a n c e s  were recorded on t h e  d a t a  s h e e t  i n  t h e  f i e l d  and t h e  d r a f t  
noted a t  d i f f e r e n t  l o c a t i o n s .  
The d i s t a n c e  of v e s s e l s  from t h e  s h o r e  and t h e i r  speed were d e t e r -  
mined by two methods.  The f i r s t  method r e q u i r e d  two s u r v e y o r s  i n  a d d i t i o n  
t o  t h e  pe r son  who o p e r a t e s  the  computer, whi le  t h e  second method r e q u i r e d  
on ly  one.  The su rvey ing  method was more e l a b o r a t e .  I n  a d d i t i o n  t o  t h e  
speed and d i s t a n c e  from s h o r e ,  i t  provided t h e  t r a c k  of t h e  v e s s e l  w i t h i n  
t h e  t e s t  s i t e .  The su rvey ing  procedure  t o  d e t e r m i n e  t h e  t r a c k ,  d i s t a n c e  
from s h o r e ,  and speed of t h e  v e s s e l  was as  f o l l o w s .  
A s t a n d a r d  b e a r i n g  i n t e r s e c t i o n  survey sys tem was used t o  de te rmine  
t h e  t r a c k  and d i s t a n c e  from s h o r e  of t h e  v e s s e l .  A b a s e l i n e  of s u f f i c i e n t  
l e n g t h ,  u s u a l l y  800 t o  1500 f e e t ,  was e s t a b l i s h e d  on one s h o r e  a d j a c e n t  t o  
t h e  t e s t  s i t e .  A semi-permanent marker was s e t  a t  each end of t h i s  l i n e .  
Table  6 .  Tow C h a r a c t e r i s t i c s  
Name of tow b o a t  
Andrew Benedict  
A r t h u r  E. S n i d e r  
A t l a s  
Barbara  Jeanne Meyer 
B e t t y  Brent  
Chicago Trader  
C l a r k  Frame 
Colonel  George Lambert 
Cont i  Afton 
C r a i g  M. 
Creo le  B e l l e  
F o r t  P i e r r e  
F r e d e r i c k  B .  Wells 
Gordon Jones  
Hawkeye 
Herb S c h r e i n e r  
I r e n e  Chot in  
Joanne 
John M .  Warner 
Kathy E l l e n  
L e v i t i c u s  
L i l l i a n  C l a r k  
Luke Gladders  
Lynn B .  
Magno 1 i a  
Marvin E. Norman 
M r .  Joey  
New Dawn 
Nohab Express  
P a t s y  Swank 
P r a i r i e  Dawn 
Robin Mott 
Rose Marie Walden 
S a l l y  Bar ton 
S i e r r a  Dawn 
V i r g i n i a  E. Towey 
White Dawn 
White Knight 
Yankton 
No. o f  S i z e  
p r o p e l l e r s  
-- 
( f t )  
Power 
(HP) 
Type of 
n o z z l e  
Kort 
Kor t 
Kor t  
Kor t 
Kort  
Kor t 
Kort 
Kort  
Kort 
Kor t 
One of t h e s e  was t h e n  r e f e r r e d  t o  as  t h e  pr imary su rvey  s t a t i o n ,  and t h e  
o t h e r  was termed t h e  secondary  survey s t a t i o n ,  a s  shown i n  f i g u r e  23a. 
I t  was d e s i r a b l e  but  no t  c r i t i c a l  t o  have t h e  b a s e l i n e  s i t u a t e d  t o  
a l l o w  a  c l e a r  l i n e - o f - s i g h t  from end t o  end.  L o c a t i o n s  were s e l e c t e d  
which provided t h e  g r e a t e s t  u n o b s t r u c t e d  view of  t h e  t e s t  s i t e  and channel  
approaches .  A  112-to 1-mile s e c t i o n  of t h e  r i v e r  could  be viewed wi th  
l i t t l e  d i f f i c u l t y  i n  most c a s e s .  Th i s  enab led  t h e  su rvey ing  crews t o  
measure t r a c k s  which extended a t  l e a s t  1000 f e e t  above o r  below t h e  t e s t  
s i t e s .  
A f t e r  t h e  b a s e l i n e  l o c a t i o n  was e s t a b l i s h e d ,  t h e  nex t  t a s k  was t o  
perform a  s i t e  s u r v e y .  The s i t e  su rvey  was r e q u i r e d  t o  d e f i n e  t h e  shape 
and p o s i t i o n  of t h e  s h o r e  l i n e s  a d j a c e n t  t o  t h e  t e s t  s i t e  and t h e  
l o c a t i o n s  of a l l  d a t a - g a t h e r i n g  i n s t r u m e n t s .  The p r e c i s e  d i s t a n c e  between 
t h e  two su rvey  s t a t i o n s  ( t h e  l e n g t h  of t h e  b a s e l i n e )  was measured 
e l e c t r o n i c a l l y ,  and r o u t i n e  land-survey p rocedures  were employed t o  
produce a  s i t e  c o n f i g u r a t i o n  base  map. Th i s  map was reproduced i n  
q u a n t i t y  and s u b s e q u e n t l y  used t o  p l o t  t h e  t r a c k  d a t a  f o r  each tow, 
p r o v i d i n g  a  v i s u a l  r e p r e s e n t  a t  i o n  of e v e n t s  as t h e y  a c t u a l l y  occur red  i n  
t h e  f i e l d .  
Given t h i s  b a s i c  se t -up ,  t h e  d e t e r m i n a t i o n  of t r a c k  was accomplished 
r e l a t i v e l y  e a s i l y .  For  example, a  tow was observed e n t e r i n g  t h e  approach 
t o  one end of  t h e  t e s t  s i t e  a s  shown i n  f i g u r e  23a. Track ing  o p e r a t i o n s  
began a s  soon a s  t h e  e n t i r e  l e n g t h  of t h e  v e s s e l  was o b s e r v a b l e  from b o t h  
su rvey  s t a t i o n s .  
Each t h e o d o l i t e  was zeroed on t h e  o p p o s i t e  s t a t  ion ,  and t h i s  provided 
t h e  index  f o r  a l l  a n g u l a r  measurements.  H o r i z o n t a l  a n g l e s  were measured 
s i m u l t a n e o u s l y  from each s t a t i o n  t o  a  p r e v i o u s l y  agreed-upon p o i n t  on t h e  
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tow, u s u a l l y  t h e  c e n t e r l i n e  f o r e s i g h t  mast which was p r e s e n t  on t h e  bow of 
t h e  l e a d i n g  barge  of most tows. These a n g l e s  were measured t o  t h e  n e a r e s t  
1 minute  of a r c  and recorded .  The procedure  was r e p e a t e d  f o r  t h e  s t e r n  of 
t h e  t u g ,  w h e S  t h e  s i g h t i n g  p o i n t  was u s u a l l y  t h e  r a d a r  mast o r  t h e  
f l a g s t a f f .  
These a n g u l a r  measurements followed each o t h e r  as  r a p i d l y  as p o s s i b l e  
and were always t aken  i n  p a i r s .  I n  o t h e r  words, an a n g l e  t o  t h e  bow from 
each s t a t i o n  was measured a t  t h e  same i n s t a n t ,  and an a n g l e  t o  t h e  s t e r n  
from each s t a t i o n  was measured a t  t h e  same i n s t a n t ,  forming a  s e t  of 
a n g l e s  c o n s i s t i n g  of two p a i r s .  
To make r e c o r d i n g  t h e  ang les  e a s i e r  and f a s t e r ,  a  pocke t - s ize ,  
bat tery-powered t a p e  r e c o r d e r  was u t i l i z e d  a t  each survey  s t a t i o n .  A 
runn ing  account  of t h e  t r a c k i n g  o p e r a t i o n  and t h e  a n g u l a r  d a t a  was 
recorded  and l a t e r  t r a n s c r i b e d .  
T h i s  p r o c e s s  con t inued  a t  r e g u l a r  i n t e r v a l s  u n t i l  t h e  tow passed from 
t h e  observed a r e a .  A t  f i r s t  impress ion t h i s  p rocedure  seems cumbersome, 
bu t  i n  a c t u a l i t y  each p a i r  of ang les  could  be measured and recorded i n  
about  t h i r t y  seconds .  Usua l ly  an i n t e r v a l  of abou t  1 minute  was l e f t  
between s e t s  of a n g l e s .  The c o o r d i n a t i o n  between survey  s t a t i o n s  was 
main ta ined  by con t inuous  r a d i o  communication, and a l l  a c t i o n s  were 
i n i t i a t e d  and d i r e c t e d  from t h e  primary s t a t i o n .  
A g r a p h i c  d e p i c t i o n  of each t r a c k  was developed by p l o t t i n g  t h e  p o i n t  
of i n t e r s e c t i o n  of each p a i r  of ang les  on t h e  base  maps and connec t ing  t h e  
r e s u l t i n g  p o i n t s .  A f t e r  measuring a n g l e s  t o  both  bow and s t e r n ,  it was 
p o s s i b l e  t o  show d i f f e r e n c e s  i n  t h e  t r a c k s  of each end of t h e  tows as 
shown i n  f i g u r e  24. It was a l s o  p o s s i b l e  t o  de te rmine  t h e  d i s t a n c e  of t h e  
tow from t h e  s h o r e  l i n e .  

The speed of the  tows was determined by timing the  t r a c k s .  A t  the  
p r e c i s e  i n s t a n t  of measuring the f i r s t  ang le ,  bow, or  s t e r n  as  convenient ,  
a  stopwatch was s t a r t e d .  The watch was stopped a t  the  i n s t a n t  of the 
app rop r i a t e  l a s t  angle  measurement. The r e s u l t i n g  e lapsed  time was 
compared wi th  the  t r a c k  length  t o  ob t a in  the average v e l o c i t y .  This 
c a l c u l a t i o n  was u sua l ly  performed a t  the  same time t h a t  the t r acks  were 
p l o t t e d .  V e l o c i t i e s  thus determined were r e l a t i v e  t o  the shore l i n e .  It 
may be d e s i r a b l e  t o  a d j u s t  them f o r  the e f f e c t s  of c u r r e n t .  The speed of 
t h e  tows was a c t u a l l y  a  by-product of the bear ing  i n t e r s e c t i o n  procedure-- 
another  good reason why t h a t  system was adopted. 
The second technique of measuring the speed and d i s t ance  from shore 
t o  t he  v e s s e l  was r e l a t i v e l y  simple.  F i r s t  a  b a s e l i n e ,  with t h r e e  
s t a t i o n s ,  a s  shown i n  f i g u r e  23b, is  e s t a b l i s h e d  c lo se  t o  the shore l i n e .  
The s t a t i o n s  a r e  l oca t ed  from 150 t o  300 f e e t  a p a r t .  About 10 t o  20 f e e t  
behind the  b a s e l i n e ,  a  second l i n e  i s  e s t a b l i s h e d .  Three o the r  s t a t i o n s  
a r e  then  e s t a b l i s h e d  on the  s,econd l i n e ,  such t h a t  they form two 
r e c t a n g l e s .  S ix  pos t s  with f l a g s  a r e  d r iven  i n t o  the ground to  mark the 
s t a t i o n s .  By s t and ing  behind the second p o s t ,  one can see  the passage of 
the  bow or  s t e r n  of a  v e s s e l  across  the l i n e  of s i g h t .  
S t a t i o n  A i s  loca ted  c l o s e s t  t o  the  wave gage. The person who 
ope ra t e s  t he  wave ins t ruments ,  such as the computer and movie camera, is  
pos i t i oned  a t  s t a t i o n  A .  Another person i s  pos i t ioned  e i t h e r  a t  s t a t i o n  B 
o r  C ,  depending on t h e  d i r e c t i o n  of the  v e s s e l .  I f  the  ves se l  is  moving 
upstream as shown i n  f i g u r e  23b, then the  second person w i l l  be pos i t ioned  
a t  s t a t i o n  C .  I f  the  v e s s e l  i s  moving downstream, he w i l l  be pos i t ioned  
a t  s t a t i o n  B .  The person a t  s t a t i o n  A has  a  w h i s t l e  which he blows when a  
s p e c i f i e d  p a r t  of the ves se l  ( t h e  bow o r  s t e r n )  c r o s s e s  s t a t i o n  A .  The 
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person a t  s t a t i o n  B ( o r  s t a t i o n  C) s t a r t s  h i s  stopwatch a t  the sound of 
t h e  w h i s t l e  and s tops  it as the same pa r t  (bow o r  s t e r n )  of  the vesse l  
c ros ses  h i s  s e c t i o n .  Since the  d i s t a n c e  between s t a t i o n s  i s  known, the  
speed i s  ca l cu la t ed  by d iv id ing  the  d i s t ance  between the s t a t i o n s  by the 
time it  took t o  t r a v e l  t h a t  d i s t ance .  
The d i s t ance  from shore i s  determined by using a  range f i n d e r  (model 
600) manufactured by Ranging Measuring Systems, Inc .  The range f inde r  can 
read d i s t a n c e  from 50 t o  600 f ee t  with an accuracy of 96.7 t o  99.5 
percent .  
Wave and Drawdown 
The wave and drawdown da ta  were c o l l e c t e d  us ing  the  movie camera and 
the  s t a f f  gage, and the  e l e c t r o n i c  wave gage with the  computer. Movies of 
t he  water su r f ace  e l e v a t i o n  a t  the s t a f f  gage were taken t o  determine 
drawdown while tows were passing the  s e c t i o n ,  and s h o r t l y  a f te rwards  
movies were taken t o  obta in  wave da ta .  
The movie camera was run f o r  varying lengths  of t ime, depending on 
the  na tu re  of t he  event .  Some events  requi red  more than one c a r t r i d g e  of 
f i lm ,  while o t h e r s  d id  not .  Each movie f i lms  were then developed, and 
with t h e  a i d  of a  movie e d i t o r  and movie p r o j e c t o r ,  the  water e l e v a t i o n s  
were read frame by frame. One movie c a r t r i d g e  runs f o r  about t h ree  
minutes a t  a  speed of 18 frames per second, providing appsoximately 6480 
frames of water l e v e l  readings.  Af te r  the water e l e v a t i o n s  a r e  read from 
the  f i lms ,  they a r e  en tered  i n  t h e  CYRER computer a t  t h e  Univers i ty  of 
I l l i n o i s  and s to red  i n  da t a  f i l e s  f o r  f u r t h e r  a n a l y s i s .  
The wave and drawdown c o l l e c t i o n  procedure using the  e l e c t r o n i c  wave 
gage and the  computer i s  e a s i e r  than the movie method. About 5  minutes 
b e f o r e  an e v e n t  is  t o  commence, t h e  computer i s  tu rned  on and a  mas te r  
computer program i s  read  i n t o  t h e  computer from a  c a s s e t t e  t a p e .  The 
program i s  t h e n  s t o r e d  i n  t h e  computer ' s  memory space .  When the  program 
i s  run ,  i t  s t a r t s  by ask ing  f o r  two l i n e s  of t i t l e  d e s c r i p t i o n  such as  
t r i p  and e v e n t  number, d a t e ,  t ime,  and s i t e  d e s c r i p t i o n .  It i s  then ready  
t o  sample. When "G" on t h e  keyboard is  p r e s s e d ,  t h e  sys tem s t a r t s  t o  
c o l l e c t  wa te r  e l e v a t i o n  d a t a  every  second.  T h i s  sampl ing f requency i s  
k e p t  u n t i l  t h e  f r o n t  edge of t h e  waves r e a c h e s  t h e  wave gages .  Once t h e  
waves r e a c h  t h e  wave gages ,  t h e  sampling f requency  i s  changed t o  e v e r y  
one- ten th  of a  second when the  l e t t e r  "W" on t h e  keyboard i s  p r e s s e d .  
The computer program a l s o  h a s  a  means of  keep ing  t h e  t ime t h e  bow and 
s t e r n  of  t h e  v e s s e l  passed t h e  t e s t  c r o s s  s e c t i o n .  When t h e  l e t t e r s  "B" 
and "Sf' a r e  pushed f o r  t h e  bow and s t e r n ,  r e s p e c t i v e l y ,  t h e  t ime t h e  bow 
and s t e r n  passed t h e  c r o s s  s e c t i o n  i s  kep t  i n  t h e  d a t a  f i l e .  When the  
l e n g t h  of  t h e  v e s s e l  i s  known, an approximate  check on t h e  speed of t h e  
v e s s e l  i s  p o s s i b l e .  I t  a l s o  h e l p s  t o  keep t r a c k  of t h e  sequence of wa te r  
l e v e l  f l u c t u a t i o n s  wi th  r e s p e c t  t o  t h e  v e s s e l ' s  p o s i t i o n  a l o n g  t h e  
channe l .  The d a t a  c o l l e c t i o n  i s  t e rmina ted  when t h e  l e t t e r  "E1' on t h e  
keyboard i s  pushed.  A f t e r  t h e  t e r m i n a t i o n  of t h e  d a t a  c o l l e c t i o n ,  t h e  
computer p r o c e s s e s  t h e  d a t a ,  a r r a n g e s  i t  i n  a  d e s i r a b l e  t a b u l a r  form, and 
s t o r e s  them i n  memory. The computer then  a s k s  i f  t h e  d a t a  should be  
s t o r e d  o n t o  a  c a s s e t t e  t a p e .  When t h e  c a s s e t t e  t a p e  is  rewound and t h e  
"RETURN" key on t h e  computer keyboard i s  p r e s s e d ,  t h e  d a t a  i s  t r a n s f e r r e d  
t o  a  c a s s e t t e  t a p e .  I f  a n o t h e r  t ape  i s  r e q u i r e d ,  t h e  computer w i l l  ask  
f o r  a n o t h e r  t a p e  u n t i l  a l l  t h e  d a t a  a r e  t r a n s f e r r e d  t o  c a s s e t t e  t a p e s .  
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PRESENTATION OF DATA 
There  were a  t o t a l  of s i x  f i e l d  t r i p s  t o  c o l l e c t  wave and drawdown 
d a t a .  Four of t h e  f i e l d  t r i p s  were t o  t h e  I l l i n o i s  R i v e r ,  and two were t o  
t h e  M i s s i s s i p p i  R i v e r .  I n  May 1980, t h e r e  was a  f i e l d  t r i p  t o  Havana on 
t h e  I l l i n o i s  R iver  t o  t e s t  t h e  f i e l d  d a t a  g a t h e r i n g  p rocedures .  The movie 
f i l m s  t a k e n  d u r i n g  t h a t  t r i a l  f i e l d  t r i p  were not  e a s i l y  r e a d a b l e  because  
of improper p o s i t i o n i n g  of the  movie camera wi th  r e s p e c t  t o  the  s t a f f  
gage.  However, t h e  e x p e r i e n c e  was v e r y  u s e f u l  i n  terms of making t h e  
p roper  a d j u s t m e n t s  i n  t h e  p o s i t i o n i n g  of t h e  movie camera and t h e  s t a f f  
gage on t h e  subsequent  f i e l d  t r i p s .  
Summary of  F i e l d  T r i p s  
Summaries of  the  s i x  f i e l d  t r i p s  and the  e v e n t s  where wave and 
drawdown d a t a  were c o l l e c t e d  a r e  g iven  i n  t a b l e  7 .  I n  t h e  t a b l e ,  the  t r i p  
and even t  numbers, t h e  number of b a r g e s ,  d i r e c t i o n ,  wave gage d i s t a n c e ,  
d r a f t ,  and speed of t h e  tow a r e  i n d i c a t e d  a l o n g  w i t h  t h e  measured maximum 
wave h e i g h t  and drawdown. 
T r i p  1  was t o  Had ley ' s  Landing on t h e  I l l i n o i s  R i v e r ,  r i v e r  m i l e  
I 
13 .2 ,  on J u l y  22-24, 1980. There  were a  t o t a l  of 5  e v e n t s  of which 4  of 
t h e  e v e n t s  were downstream t r a f f i c  and one upstream. The number of ba rges  
pushed by t h e  tows v a r i e d  from 6  t o  1 5 .  The d r a f t  ranged from 2  t o  9  f e e t  
and t h e  speed from 5 . 7  t o  7.9 f t / s e c .  
T r i p  2  was a g a i n  t o  Had ley ' s  Landing on September 22 t o  26, 1980. 
There  were a  t o t a l  of 9  e v e n t s ,  of which 5  were upst ream t r a f f i c  and 4 
downstream. The number of ba rges  pushed by t h e  tows v a r i e d  from 6  t o  18.  
E i g h t  of t h e  tows were f u l l y  loaded wi th  9  f e e t  of d r a f t  and one tow was 
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unloaded,  wi th  2 f e e t  of d r a f t .  The speed of t h e  tows v a r i e d  from 3 .2  t o  
8 .7  f t / s e c .  
T r i p  3 was t o  Rip  Rap Landing on t h e  M i s s i s s i p p i  R i v e r ,  r i v e r  mi le  
265.1,  on A p r i l  7-10, 1981. There were a t o t a l  of 6 e v e n t s  wi th  5 tows 
moving ups t ream and 2 downstream. (One of t h e  e v e n t s  involved two tows 
which passed  t h e  t e s t  s i t e  a t  t h e  same t ime w h i l e  one was a t t e m p t i n g  t o  
pass  t h e  o t h e r . )  The number of ba rges  pushed by t h e  tows v a r i e d  from 9 t o  
16.  The d r a f t  and speed of t h e  tows ranged from 2 t o  9 f e e t  and from 5 . 7  
t o  12.8 f t / s e c ,  r e s p e c t i v e l y .  
T r i p  4 was t o  McEver 's  I s l a n d  on t h e  I l l i n o i s  R i v e r ,  r i v e r  mi le  50, 
on A p r i l  27-May 1 ,  1981. There were a t o t a l  o f  15 e v e n t s ,  wi th  6 tows 
moving ups t ream and 9 moving downstream. The number of ba rges  pushed by 
t h e  tows v a r i e d  from 1 t o  15.  The d r a f t  and speed ranged from 2 t o  9 f e e t  
and 5 .9  t o  20.3  f t / s e c ,  r e s p e c t i v e l y .  
T r i p  5 was t o  Mosier  Landing on t h e  M i s s i s s i p p i  R i v e r ,  r i v e r  m i l e  
260.2 ,  on May 20-22, 1981. There were a t o t a l  of  5 e v e n t s ,  wi th  2 tows 
moving upst ream and 3 moving downstream. The number of ba rges  pushed by . 
t h e  tows v a r i e d  from 3 t o  15. The d r a f t  was 9 f e e t  f o r  4 of them and 2 
f e e t  f o r  t h e  o t h e r .  The speed of t h e  tows ranged from 9 . 3  t o  14 f t / s e c .  
T r i p  6 was a g a i n  t o  Hadley'  s Land l ing  on June  4-19, 1981. There  were 
a t o t a l  of 18 e v e n t s ,  wi th  12 tows moving ups t ream and 6 moving 
downstream. The number of b a r g e s  pushed by t h e  tows ranged from 1 t o  15.  
The d r a f t  and speed of t h e  tows ranged from 2 t o  9 f e e t  and from 4 . 7  t o  
1 1 . 3  f t / s e c ,  r e s p e c t i v e l y .  
Waves and Drawdown Generated by River  T r a f f i c  
Wave Pat  terns 
Most of t h e  wave d a t a  c o l l e c t e d  d u r i n g  t h e  f i e l d  t r i p s  were genera ted  
by tows, wi th  l i t t l e  genera ted  by r e c r e a t i o n a l  and o t h e r  r i v e r  t r a f f i c .  
T h i s  was because  of t h e  low frequency of r e c r e a t i o n a l  v e s s e l s  d u r i n g  t h e  
f i e l d  t r i p s .  
The wave p a t t e r n s  genera ted  by tows i n  r e s t r i c t e d  channe l s  a r e  much 
more complex t h a n  t h o s e  genera ted  by s t r e a m l i n e d  v e s s e l s  t r a v e l i n g  i n  open 
and deep w a t e r s .  Even though t h e  d i v e r g i n g  and t r a n s v e r s e  waves a r e  
g e n e r a t e d  bo th  a t  t h e  bow and s t e r n ,  t h e r e  a r e  a l s o  su rge  waves behind t h e  
tows genera ted  because  of t h e  displacement  of a  l a r g e  p o r t i o n  of t h e  water  
i n  t h e  r i v e r  by t h e  loaded b a r g e s .  I n  some i n s t a n c e s  t h e  su rge  waves 
t o t a l l y  predominate over  t h e  o t h e r  t y p e s  of waves. There is a l s o  a  narrow 
band of d i s t u r b e d  water  s u r f a c e  behind t h e  towboat r e s u l t i n g  from t h e  
d i s c h a r g i n g  of t h e  p r o p e l l e r  n e a r  t h e  wa te r  s u r f a c e .  The wate r  s u r f a c e  
f l u c t u a t i o n  caused by t h e  p r o p e l l e r  j e t  seems t o  be h i g h e r  than  t h e  waves 
which reach  t h e  shore  when observed behind t h e  tow. Th is  water  s u r f a c e  
f l u c t u a t i o n  i s ,  however, d i s s i p a t e d  i n  t h e  middle of t h e  channel  b e f o r e  i t  
r e a c h e s  t h e  s h o r e .  
An example of a  tow g e n e r a t e d  wave i s  r e p r e s e n t e d  i n  f i g u r e  25 .  The 
wave d a t a  were c o l l e c t e d  a t  t h e  H a d l e y ' s  Landing t e s t  s i t e  on t h e  I l l i n o i s  
River  d u r i n g  a  passage of a  downstream-bound tow with  15 loaded b a r g e s ,  
t r a v e l i n g  a t  a  speed of 8 .54  f t / s e c .  I n  t h i s  wave p a t t e r n  i t  i s  p o s s i b l e  
t o  i d e n t i f y  t h e  bow, s t e r n ,  and t h e  towboat s t e r n  waves as shown i n  t h e  
f i g u r e .  During t h i s  even t  t h e  maximum wave h e i g h t ,  which i s  0.39 f e e t ,  
was genera ted  by t h e  bow of t h e  tow. Another example of tow g e n e r a t e d  
waves i s  r e p r e s e n t e d  i n  f i g u r e  2 6 .  The wave d a t a  were c o l l e c t e d  a t  t h e  
Rip Rap Landing t e s t  s i t e  on t h e  M i s s i s s i p p i  R i v e r  dur ing  a  passage of two 
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tows,  a s  one of t h e  tows was a t t empt ing  t o  pass  t h e  o t h e r .  The d a t a  a l s o  
i n c l u d e  t h e  drawdown dur ing  t h e  e v e n t .  The maximum drawdown reached 0.34 
f e e t ,  whi le  t h e  maximum wave h e i g h t  was 0 .81  f e e t .  A comparison of t h e  
two wave p a t t e r n s  i n  f i g u r e s  25 and 26 shows t h a t  t h e  waves genera ted  a t  
Rip Rap Landing a r e  more complex, l a s t  f o r  a  much longer  d u r a t i o n ,  and a r e  
g e n e r a l l y  h i g h e r .  
A s  mentioned e a r l i e r  t h e r e  were o t h e r  types  of r i v e r  t r a f f i c  than 
tows d u r i n g  t h e  f i e l d  t r i p s .  The waves genera ted  by such v e s s e l s  were 
a l s o  measured even though t h e r e  were not enough e v e n t s  t o  compile enough 
wave d a t a  f o r  d i f f e r e n t  types  of v e s s e l s .  The d a t a  c o l l e c t e d  g ive  some 
b a s i s  f o r  comparison.  The kind of waves genera ted  by a  s i n g l e  towboat 
(shown i n  f i g u r e  2 7 )  i s  i n d i c a t e d  i n  f i g u r e  2 8 .  The wave p a t t e r n  i s  
s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h a t  genera ted  by tows i n  t h a t  i t  c o n s i s t s  of 
on ly  a  couple  of s h a r p ,  wel l -def ined waves and d i e s  ou t  q u i c k l y .  However, 
t h e  maximum wave h e i g h t  i s  0.89 f e e t ,  which i s  h i g h e r  than most of t h e  
waves g e n e r a t e d  by tows. 
The wave p a t t e r n  genera ted  by a  c a b i n  c r u i s e r  (shown i n  f i g u r e  2 9 )  i s .  
g iven  i n  f i g u r e  30.  Here a g a i n  t h e  wave p a t t e r n  is  somewhat d i f f e r e n t  
t h a n  those  g e n e r a t e d  by tows. The wave peaks and t roughs  a r e  r e l a t i v e l y  
wel l -def ined and t h e  d u r a t i o n  of t h e  wave i s  r e l a t i v e l y  s h o r t e r  than t h o s e  
waves g e n e r a t e d  by tows. 
Maximum Wave Heights 
The maximum wave h e i g h t s  f o r  a l l  59  e v e n t s  dur ing  t h e  s i x  f i e l d  t r i p s  
were determined from p l o t s  s i m i l a r  t o  those  i n  f i g u r e s  25 and 2 7 .  A l l  t h e  
maximum wave h e i g h t s  a r e  summarized i n  t a b l e  7 .  The maximum wave h e i g h t s  
ranged from a  low of 0 .1  f e e t  t o  a  h igh of 1 .08 f e e t .  The maximum wave 
F i g u r e  2 7 .  Towboat moving p a s t  a  t e s t  s i t e  
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F i g u r e  30.  Wave p a t t e r n  g e n e r a t e d  by a  c a b i n  c r u i s e r  
h e i g h t  of 1.08 f e e t  occur red  a t  t h e  H a d l e y l s  Landing t e s t  s i t e  on t h e  
I l l i n o i s  R iver  f o r  a loaded tow w i t h  6 b a r g e s  a t  8 f e e t  of d r a f t  moving 
upst ream w i t h  a speed of  10.2 f t / s e c .  
Drawdown 
A t  t h e  beg inn ing  of t h e  wave d a t a  c o l l e c t i o n  program, t h e r e  was no 
p l a n  t o  c o l l e c t  drawdown d a t a ;  however, a s  t h e  d a t a  c o l l e c t i o n  program 
p r o g r e s s e d ,  s i g n i f i c a n t  drawdown was be ing  observed a t  t h e  t e s t  s i t e s .  
T h e r e f o r e ,  i t  was dec ided  t o  g a t h e r  drawdown d a t a  a l o n g  wi th  t h e  wave 
d a t a .  Because of  t h e  l a t e  s t a r t  i n  c o l l e c t i n g  drawdown d a t a  and some 
t r i p s  where drawdown measurements were not  t aken ,  t h e  t o t a l  number of 
e v e n t s  where drawdown was measured i s  27. 
The maximum drawdown f o r  a l l  t h e  27 e v e n t s  i s  summarized i n  t a b l e  7 
a l o n g  w i t h  t h e  maximum wave h e i g h t .  The maximum drawdown ranged from 0 .05  
t o  0 .69  f e e t .  The maximum drawdown of  0 .69  f e e t  was measured a t  t h e  
McEverls  I s l a n d  t e s t  s i t e  on the  I l l i n o i s  R i v e r  d u r i n g  t h e  passage of a 
loaded tow w i t h  15  b a r g e s  a t  9 f e e t  of d r a f t  moving downstream wi th  a 
speed of  1 5 . 6  f t / s e c .  
The maximum drawdown i s  u s u a l l y  t r e a t e d  a s  t h e  most important  para- 
m e t e r ,  p a r t i a l l y  because  of t h e  t r a d i t i o n a l  i n t e r e s t  i n  s q u a t  and t h e  
a s s o c i a t e d  grounding and m a n e u v e r a b i l i t y  problems of  v e s s e l s  i n  r e s t r i c t e d  
waterways.  However, t h e  t o t a l  drawdown p e r i o d  l a s t s  f o r  s e v e r a l  minu tes  
depending on t h e  l e n g t h  of t h e  v e s s e l .  The e x t e n t  of  s h o r e l i n e  exposure  
ahd i t s  d u r a t i o n  might be of  g r e a t e r  importance  i n  bank e r o s i o n  and 
b i o l o g i c a l  s t u d i e s  than  j u s t  t h e  maximum drawdown v a l u e .  
The p l o t  of wa te r  e l e v a t i o n  i n  f i g u r e  26 shows t h a t  t h e  wa te r  l e v e l  
d r o p s  f o r  a lmost  2 minu tes  b e f o r e  t h e  bow waves a r r i v e  a t  t h e  wave gage.  
The maximum drawdown was 0.35 f e e t .  The water  l e v e l  f l u c t u a t i o n  d u r i n g  
t h e  drawdown per iod  was due t o  wind waves a t  t h e  t ime of  t h e '  even t .  
Another example of drawdown i s  shown i n  f i g u r e  31.  The maximum drawdown 
was 0 .30  f e e t  and t h e  t o t a l  drawdown p e r i o d  was almost  3  minu tes .  The 
d a t a  were c o l l e c t e d  a t  t h e  H a d l e y ' s  Landing t e s t  s i t e  d u r i n g  the  passage 
of  a loaded tow with  12 ba rges  a t  9 f e e t  of d r a f t  moving downstream wi th  a  
speed of 5 .9  f t l s e c .  
Wind-Generated Waves 
Wave h e i g h t s  genera ted  by wind were c a l c u l a t e d  a t  f o u r  s t u d y  s i t e s  
f o r  t h e  purpose  of  comparing t h e  r e l a t i v e  s i g n i f i c a n c e  of waves g e n e r a t e d  
by wind and by r i v e r  t r a f f i c .  Wind r e c o r d s  from S p r i n g f i e l d  ( ~ l l i n o i s )  
and S t .  L o u i s  ( ~ i s s o u r i )  were f i r s t  used t o  c a l c u l a t e  the  wave h e i g h t s ,  
s i n c e  t h e  two s t a t  i o n s  a r e  l o c a t e d  i n  t h e  g e n e r a l  v i c i n i t y  of  t h e  s tudy  
s i t e s .  Bhowmik (1976)  h a s  analyzed t h e  h i s t o r i c a l  wind r e c o r d s  a t  bo th  
t h e  S p r i n g f i e l d  and S t .  Louis  s t a t i o n s  f o r  d i f f e r e n t  f r e q u e n c i e s .  Wind 
v e l o c i t y  and d i r e c t i o n  f o r  2-year and 50-year r e t u r n  p e r i o d s ,  and f o r  
6-hour d u r a t i o n s ,  were taken from Bhowmik's d a t a  f o r  a n a l y s i s  i n  t h i s  
r e p o r t  . 
Wind g e n e r a t e d  waves a t  the  f o u r  s t u d y  s i t e s  were c a l c u l a t e d  by us ing 
e q u a t i o n  12.  I n  a lmost  a l l  c a s e s  t h e  wind r e c o r d s  from S p r i n g f i e l d  
g e n e r a t e d  h i g h e r  waves than those  from S t .  L o u i s ,  co r respond ing  t o  t h e  
h i g h e r  wind v e l o c i t i e s  r ecorded  a t  S p r i n g f i e l d  than a t  S t .  L o u i s .  
T h e r e f o r e ,  o n l y  t h e  r e s u l t s  of t h e  computat ions  based on the  S p r i n g f i e l d  
r e c o r d s  a r e  summarized i n  t a b l e s  8 and 9 .  Tab le  8 i s  f o r  t h e  2-year wind, 
whi le  t a b l e  9 i s  f o r  t h e  50-year wind. 
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Table  8 .  
Width 
S i t e  ( f t )  
Had ley ' s  
Landing 850 
850 
8 50 
850 
850 
850 
McEver ' s 
I s l a n d  9 20 
9 20 
920 
9 20 
I 
.A 
920 
* 
I 
9 20 
Rip Rap 
Landing 1600 
16 00 
1600 
1600 
1600 
1600 
Mosier 
I s l a n d  1600 
1600 
1600 
1600 
1600 
1600 
Wind Generated Waves Based on Wind Records from S p r i n g f i e l d ,  I l l i n o i s ,  
f o r  2-Year Re turn  P e r i o d  and 6-Hour Dura t ion  
E f f .  Wind S t  ream E f f .  wind Wave 
F e t c h  f e t c h  v e l o c i t y  Angle v e l o c i t y  v e l o c i t y  h e i g h t  
( f t )  ( f t )  - Mo . (mph) C1" ( f p s )  ( f p s  ( f t )  
4500 1745 Jan .  27.9 10 2.84 37.55 0.70 
4500 1745 Feb. 29 .O 0 2.84 39.79 0.75 
4500 1745 Mar. 32.3  10 2.84 44.64 0.85 
4500 1745 Apr . 29.5 10 2.84 39.87 0.75 
6000 1958 May 27.3 4 5 2.84 31.22 0.60 
6000 19 58 June  21.9 4 5 2.84 2.5 .60 0.48 
4500 1830 Jan .  27.9 5 2.78 43.64 0.85 
4500 18 30 Feb. 29 .O 10 2.78 44.76 0.87 
4500 1830 Mar. 32.3 10 2.78 43.98 0.86 
4500 18 30 Apr . 29.5 5 2.78 40.42 0.78 
4500 1830 May 27.3 5 2.78 42.76 0.83 
4500 1830 June  21.9 5 2.78 34.85 0.66 
18450 4485 J a n .  27.9 0 3.22 37.79 1.07 
18450 4485 Feb . 29 .O 0 3.22 39.41 1.12 
18450 4485 Mar. 32.3 0 3.22 44.26 1.28 
18450 4485 Apr . 29.5 0 3.22 40.15 1.14 
18450 4485 May 27.3 15 3.22 35.54 1 .OO 
18450 4485 June  21.9 15 3.22 27.88 0.76 
14520 4075 Jan .  27.9 0 3.50 37.51 1.02 
14520 4075 Feb. 29 .O 0 3.50 39.13 1.06 
14520 4075 Mar. 32.3 0 3.50 43.98 1.21 
14520 4075 Apr . 29.5 0 3.50 39 -86 1.09 
14520 4075 May 27.3 15 3.50 42.26 1.16 
14520 4075 June  21.9 15 3.50 27.60 0.72 
Table 9. Wind Generated Waves Based on Wind Records from Spr ing f i e ld ,  I l l i n o i s ,  
fo r  50-Year Return Period and 6-Hour Duration 
Width 
S i t e  ( f t )  
Hadley's 
Landing 850 
8 50 
850 
850 
850 
850 
Fetch 
( f t )  
Eff . 
f e t c h  
( f t )  
Jan. 
Feb. 
Mar. 
Apr . 
May 
June 
Wind 
v e l o c i t y  
(mph 
Angle 
+O 
Stream 
v e l o c i t y  
( f p s )  
E f f .  wind 
v e l o c i t y  
( fps  
Wave 
he igh t  
( f t )  
McEver ' s 
I s  land 920 4500 1830 Jan. 38.6 5 2.78 59.31 1.20 
9 20 4500 1830 Feb. 45.3 10 2.78 68.36 0.71 
920 4500 1830 Mar. 55.3 10 2.78 77.28 1.62 
9 20 4500 1830 Apr . 48.4 5 2.78 68.10 1.41 
920 4500 1830 May 42.9 5 2.78 65.60 1.35 
9 20 4500 1830 June 31.1 5 2.78 48.32 0.95 
Rip Rap 
Landing 
Mosier 
I s l a n d  
1600 18450 4485 Jan.  38.6 0 3.22 53.52 1.58 
1600 18450 4485 Feb. 45.3 0 3.22 63.37 1.91 
1600 18450 4485 Mar. 55.3 0 3.22 78.07 2.42 
1600 18450 4485 Apr . 48.4 0 3.22 67.93 2.07 
1600 18450 4485 May 42.9 15 3.22 57.69 1.72 
1600 18450 4485 June 31.3 15 3.22 41.22 1.18 
1600 14520 4075 Jan. 38.6 0 3.50 53.24 1.51 
1600 14520 4075 Feb. 45.3 0 3.50 63.09 1.83 
1600 14520 4075 Mar. 55.3 0 3.50 77.79 2.31 
1600 14520 4075 Apr . 48 -4  0 3.50 67.65 1.98 
1600 14520 4075 May 42.9 15 3.50 64.41 1.87 
1600 14520 4075 June 31.3 15 3.50 47.94 1.34 
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D 0.133 (FD)  ( 13) 
The d r a f t  Froude number, FD i s  equa l  to  v / v ' ~ D .  A l l  o t h e r  v a r i a b l e s  a r e  
as  d e f i n e d  e a r l i e r .  The c o r r e l a t i o n  c o e f f i c i e n t  between the  measured 
maximum wave h e i g h t s  and e q u a t i o n  13 i s  0 .87 ,  which i s  much b e t t e r  than 
those  f o r  e q u a t i o n s  1. and 2 .  The r e s u l t s  of e q u a t i o n  13 a r e  compared wi th  
t h e  measured v a l u e s  and those  computed by e q u a t i o n s  1  and 2 i n  t a b l e  10. 
The sp read  of t h e  d a t a  p o i n t s  around t h e  r e g r e s s i o n  l i n e  ( e q u a t i o n  13)  i s  
shown i n  f i g u r e  32. 
Drawdown 
The t h e o r e t i c a l  and e m p i r i c a l  e q u a t i o n s  d i s c u s s e d  i n  t h e  l i t e r a t u r e  
review ( e q u a t i o n s  3 through 7 )  were compared wi th  the  measured drawdowns. 
The r e s u l t s  of t h e  comparison,  and t h e  c o r r e l a t i o n  c o e f f i c i e n t s  between 
t h e  d i f f e r e n t  e q u a t i o n s  and t h e  measured v a l u e s  a r e  p r e s e n t e d  i n  t a b l e  11.  
Also shown i n  t a b l e  11,  a r e  the  r e s u l t s  of the  fo l lowing  e q u a t i o n ,  which 
was developed through a  m u l t i v a r i a t e  r e g r e s s i o n  a n a l y s i s  of t h e  measured 
v a l u e s  and t h e  impor tan t  parameters  which were f e l t  t o  i n f l u e n c e  drawdown. 
where Fy I = V /  d g ~ '  i s  t h e  Froude number based on Y '  , Y '  = Y-D, and Y = 
A,/B, = h y d r a u l i c  dep th  of t h e  channel .  A l l  o t h e r  v a r i a b l e s  a r e  a s  
d e f i n e d  e a r l i e r .  
A s  shown i n  t a b l e  11,  e q u a t i o n  14 g i v e s  t h e  h i g h e r  c o r r e l a t i o n  
c o e f f i c i e n t  0.84 t h a n  t o  t h e  o t h e r  t h r e e  e q u a t i o n s  d i s c u s s e d  i n  t h e  
l i t e r a t u r e  review.  The r e s u l t s  of e q u a t i o n  14 were f u r t h e r  compared wi th  
t h e  measured v a l u e s  i n  f i g u r e  33. The sp read  of t h e  d a t a  p o i n t s  around 
HMAX 
-- 
D - 0.133 (F,) 
- 
CORRELATION = 0.87 
- 
- 
a 
- 
a 
- - 
a 
- 
a 
- 
- 
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Figure 32. Comparison of the regression equation with 
the measured maximum wave heights 
Table 11. Comparison of measured and calculated maximum drawdowns 
TRIP EVENT MEASURED CALCULATED Ah/Yf 
DAND SCHIF HERBICH GELENCSER EQ. 14 
(EQ. 6 )  (EQ. 3 & 4)  (EQ. 7) (EQ. 5 )  
CORRELATION COEF. 78 7 1 73 67 .84 
I 
- 
- -  A: - 0.478 IFy.) ( Am)'.8' ( L / Z ) O . ~ ~  
Y A, 
CORRELATION = 0.84 
- 
- 
- 
- 
- 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
MEASURED Ah/Y1 
Figure 33. Comparison of the regression equation with 
the measured drawdowns 
t h e  r e g r e s s i o n  l i n e  i n d i c a t e s  a  r easonab ly  good agreement between measured 
and c a l c u l a t e d  v a l u e s .  
Comparison Between Waves Generated by Wind and by R i v e r  T r a f f i c  
The comparison of  waves g e n e r a t e d  by wind wi th  t h o s e  g e n e r a t e d  by 
r i v e r  t r a f f i c  is  a  ve ry  d i f f i c u l t  t a s k  due t o  t h e  d i f f e r e n t  n a t u r e  of the  
waves. Wind-generated waves g e n e r a l l y  l a s t  f o r  longer  d u r a t i o n s  t h a n  
t h o s e  g e n e r a t e d  by r i v e r  t r a f f i c ;  however, r i v e r  t r a f f i c  g e n e r a t e d  waves 
occur  more f r e q u e n t l y  than  wind-generated waves. While t h e  e f f e c t s  of  
r i v e r  t r a f f i c  g e n e r a t e d  waves on steam banks l a s t  f o r  o n l y  a  few minu tes  
a f t e r  t h e  passage  of a  tow o r  a  b o a t ,  wind-generated waves l a s t  f o r  h o u r s  
d u r i n g  p e r i o d s  of h i g h  wind v e l o c i t i e s .  On t h e  o t h e r  hand,  r i v e r  t r a f f i c  
g e n e r a t e d  waves o c c u r  s e v e r a l  t imes  a  day,  whi le  s i g n i f i c a n t  wind- 
g e n e r a t e d  waves might occur  on ly  a  v e r y  few t imes  d u r i n g  t h e  whole y e a r .  
A s  shown i n  t a b l e  7,  waves g e n e r a t e d  by r i v e r  t r a f f i c  a r e  f o r  t h e  
most p a r t  l e s s  t h a n  1 f t  h igh .  The d u r a t i o n  of t h e  wave a c t i o n  genera ted  
by a  s i n g l e  v e s s e l  i s  g e n e r a l l y  2  t o  5  minu tes .  The tow t r a f f i c  a lone  on 
t h e  I l l i n o i s  and M i s s i s s i p p i  R i v e r s  is  e s t i m a t e d  t o  be i n  t h e  range of 15 
tows a  day (Bhowmik e t  a l ,  1981a) .  T h e r e f o r e  t h e  d u r a t i o n  of wave a c t i o n  
on t h e  s t r e a m  banks due t o  tow t r a f f i c  a l o n e  ranges  from 30 t o  75 minutes  
d a i l y .  When s m a l l e r  b o a t s  a r e  inc luded  t h e  d u r a t i o n  w i l l  be even l o n g e r .  
On t h e  o t h e r  hand,  s i g n i f i c a n t  wind-generated waves do not occur  
e v e r y  day ,  b u t  when t h e y  occur  t h e i r  magni tudes  a r e  l a r g e r  and t h e i r  
d u r a t i o n s  l o n g e r  t h a n  t h o s e  of r i v e r  t r a f f i c  g e n e r a t e d  waves. For t h e  
2-year ,  6.-hour d u r a t i o n  wind, which i s  expec ted  t o  occur  once e v e r y  two 
y e a r s ,  on  t h e  average  t h e  s i g n i f i c a n t  wave h e i g h t s  can reach  0.9 f t  on t h e  
I l l i n o i s  R i v e r ,  and 1 . 3  f t  on t h e  M i s s i s s i p p i  R i v e r ,  a s  shown i n  t a b l e  8 .  
When more severe  wind condi t ions  a r e  considered,  the s i g n i f i c a n t  wave 
he ight  g e t s  h i g h e r .  For the  50-year, 6-hour du ra t i on  wind the  s i g n i f i c a n t  
wave h e i g h t s  reach 1.6 f t  on the I l l i n o i s  River  and 2.4 f t  on the 
M i s s i s s i p p i ,  a s  shown i n  t a b l e  9 .  
However, such wave he igh t s  a r e  expected only once i n  every 50 years  
on t h e  average.  Other wind condi t ions  with d i f f e r e n t  r e t u r n  per iods  and 
du ra t i ons  a l s o  w i l l  have t o  be included i n  the  t o t a l  a n a l y s i s .  
It is  t h e r e f o r e  very d i f f i c u l t  a t  t h i s  time t o  say whether t he  t o t a l  
impact of d a i l y  wave a c t i o n  due t o  r i v e r  t r a f f i c  is  more or  l e s s  
s i g n i f i c a n t  than the  impact of h igher  waves genera ted  by winds of longer 
d u r a t i o n  but of l e s s e r  frequency. 
SUMMARY AND CONCLUSIONS 
S i x  f i e l d  t r i p s  were t aken  t o  c o l l e c t  wave and drawdown d a t a .  Four 
of  t h e  f i e l d  t r i p s  were t o  t h e  I l l i n o i s  R i v e r ,  and two were t o  t h e  
M i s s i s s i p p i  R i v e r .  Wave d a t a  were c o l l e c t e d  f o r  a  t o t a l  of 59 e v e n t s ,  and 
drawdown d a t a  were c o l l e c t e d  f o r  27 of t h e  e v e n t s .  A d d i t i o n a l  wave d a t a  
were c o l l e c t e d  d u r i n g  t h e  passage of a  towboat wi thou t  b a r g e s  and a  c a b i n  
c r u i s e r .  
The maximum wave h e i g h t s  measured i n  t h e  f i e l d  ranged from a  low of  
0 . 1  f o o t  t o  a  h i g h  o f  1 .08 f o o t ,  w h i l e  t h e  maximum drawdown ranged from 
0.05 f o o t  t o  0.69 f o o t .  
Comparison of  t h e  measured maximum wave h e i g h t s  and drawdowns wi th  
t h o s e  p r e d i c t e d  through e x i s t i n g  p r e d i c t i v e  e q u a t i o n s  was n o t  
s a t i s f a c t o r y .  The c o r r e l a t i o n s  between t h e  measured and c a l c u l a t e d  wave 
h e i g h t s  and drawdowns were found t o  be low. By performing a  m u l t i v a r i a t e  
r e g r e s s i o n  a n a l y s i s ,  i t  was p o s s i b l e  t o  o b t a i n  e q u a t i o n s  which p r e d i c t  
wave h e i g h t s  and drawdowns b e t t e r  than t h e  p r e v i o u s l y  e x i s t i n g  e q u a t i o n s .  
I n  t h e  new e q u a t i o n  f o r  maximum wave h e i g h t ,  t h e  non-dimensional  wave 
h e i g h t  is a  f u n c t i o n  of  t h e  d r a f t  Froude number o n l y .  I n  t h e  e q u a t i o n  f o r  
maximum drawdown, t h e  non-dimensional  drawdown is  a  f u n c t i o n  of t h e  Froude 
number based  on t h e  h y d r a u l i c  d e p t h  minus d r a f t ,  b lockage  f a c t o r ,  and a  
d i m e n s i o n l e s s  d i s t a n c e  from t h e  s a i l i n g  l i n e  t o  t h e  wave gage.  
S i g n i f i c a n t  wave h e i g h t s  f o r  wind-generated waves were a l s o  
c a l c u l a t e d  a t  t h e  f o u r  s t u d y  s i t e s  f o r  2-and 50-year r e t u r n  p e r i o d s  and 
6-hr d u r a t i o n  winds .  On t h e  I l l i n o i s  R iver  t h e  s i g n i f i c a n t  wave h e i g h t s  
were found t o  be i n  t h e  range of  0 .9  f t  and 1.6 f t  f o r  t h e  2-year and 
50-year winds of 6-hr du ra t i on ,  r e s p e c t i v e l y ,  while  on t h e  Mis s i s s ipp i  
River  t he  corresponding values  were 1.3 f t  and 2.4 f t .  
I n  gene ra l ,  t h e  observed and c a l c u l a t e d  waves generated by both r i v e r  
t r a f f i c  and wind a r e  s i g n i f i c a n t  enough t o  cause s t ream bank e ros ion  on 
both t h e  I l l i n o i s  and Mis s i s s ipp i  Rivers .  The r e l a t i v e  s i g n i f i c a n c e  of 
waves generated by r i v e r  t r a f f i c  i n  comparison with those  generated by 
wind can not be determined q u a l i t a t i v e l y  a t  t he  presen t  t i n e  because of 
t h e  d i f f e r e n c e s  i n  frequency, d u r a t i o n ,  and magnitude between the  two 
types of waves. Fu r the r  research  i n  t h i s  aspec t  of t h e  a n a l y s i s  i s  needed 
be fo re  a  d e f i n i t e  conclusion can be made. 
The drawdown caused by loaded tows i s  a l s o  s i g n i f i c a n t  and can expose 
shore  a r e a s  f o r  s e v e r a l  minutes on the average dur ing  each tow passage. 
It can a l s o  s i g n i f i c a n t l y  change the  flow c h a r a c t e r i s t i c s  of small  
t r i b u t a r y  s t reams i n  t he  v i c i n i t y  of t h e i r  junc t ion  with the navigable  
r i v e r  by changing t h e  hyd rau l i c  g rad i en t  a t  t h e i r  o u t l e t s .  
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NOTATIONS 
The fo l lowing  symbols a r e  used i n  t h i s  r e p o r t :  
A, = Channel c r o s s - s e c t i o n a l  a r e a  
A, = Submerged c r o s s - s e c t i o n a l  a r e a  of a  v e s s e l  
A '  = Channel c r o s s - s e c t i o n a l  a r e a  a f t e r  drawdown minus A, 
b = Width of a  v e s s e l  
Bc = Channel width  
C = Wave c e l e r i t y  
d  = Channel depth  
D = D r a f t  of a  v e s s e l  
F  = Fetch  
Fd = D r a f t  Froude number 
F, = E f f e c t i v e  f e t c h  
F Z  = Vesse l  l e n g t h  Froude number 
Fy' = Froude number based on Y '  
g  = G r a v i t a t i o n a l  a c c e l e r a t i o n  
H = Wave h e i g h t  
Hs = S i g n i f i c a n t  wave h e i g h t  
Hma, = Maximum wave h e i g h t  
Ah =, Drawdown o r  squa t  
L = Wave leng th  
Z = Length of a  v e s s e l  
q  = P a r t i a l  d i s c h a r g e  through a  p o r t i o n  of a  channel  c r o s s  s e c t i o n  
Q = T o t a l  d i s c h a r g e  i n  a  r i v e r  
T = Wave p e r i o d  
t = Wind d u r a t i o n  
* 
U = Wind v e l o c i t y  
Ue E f f e c t i v e  wind v e l o c i t y  
V = Vesse l  v e l o c i t y  
- 
V = Mean flow v e l o c i t y  
~ ( . 2 )  = V e l o c i t y  of water  a t  0 .2  of t o t a l  depth  from t h e  s u r f a c e  
V(.8) = V e l o c i t y  of water  a t  0 . 8  of t o t a l  dep th  from t h e  s u r f a c e  
V = Backf low v e l o c i t y  beneath  t h e  v e s s e l  
W = Channel width 
Y = Hydraulic depth of channel 
Y' = Hydraulic depth minus draft 
Z = Distance of wave gage from sailing line 
4 = Angle between wind direction and stream bearing 
